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Abstract 
 
Tomato is an economically important segment of agricultural production in the 
United States. Bacterial leaf spot (BLS) causes serious losses in tomato and pepper in the 
Midwest. Four Xanthomonas species cause BLS on these crops. In a four-year survey 
covering 16 counties in Ohio and one county in Michigan focused on the causal bacteria 
of BLS in processing tomatoes, fresh market tomatoes and peppers, a total of 240 strains 
were isolated, containing 169, 45, and 26 strains of X. gardneri, X. perforans, and X. 
euvesicatoria, respectively. The predominant species in processing and fresh market 
tomatoes was X. gardneri. Xanthomonas euvesicatoria was the most abundant species in 
peppers. Of all strains collected in this survey, 98%, 68% and 4% were insensitive to 30, 
100, and 200 μg/ml copper sulfate, respectively. 
Bactericides and a plant resistance activator were evaluated for efficacy in 
reducing BLS disease intensity in the greenhouse and field. In a greenhouse simulating a 
commercial seedling production environment, both acibenzolar-S-methyl and aluminum 
Tris O-ethyl phosphate reduced bacterial populations relative to the negative control in 
one of the two trials. In the second trial, lower seedling density contributed to reduced 
BLS severity compared to higher seedling density. In field trials, both acibenzolar-S-methyl 
and isothiazolone in combination with the surfactant (Activator 90) significantly reduced 
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the yield of fruits with BLS symptoms compared to the non-treated control in one of the 
two years of the study. The addition of Activator 90 improved the efficacy of acibenzolar-
S-methyl and copper sulfate in reducing BLS on fruit in one of two years. However, fruits 
from plants treated with isothiazolone plus Activator 90 exhibited more large BLS lesions 
in one of the years than the non-treated control. The percentage of fruits with BLS 
symptoms, foliar BLS severity at the end of field experiment, and area under the disease 
progression curve for foliar BLS were not affected by the addition of Activator 90 in either 
year. The addition of non-ionic surfactant to a copper-based bactericide increased the 
surface tenacity of copper in a controlled environment. When exposed to different 
humidity regimes, tomato seedlings had 4.6 times more BLS lesions with the high initial 
(80%) relative humidity in comparison to low initial relative humidity (30-45%). For every 
24 hours of high humidity in the first 8 days post inoculation, the number of BLS lesions 
on seedlings increased by 10%. 
The effects of colored pulsed xenon lights on suppression of BLS caused by X. 
gardneri were tested. Blue strobe light treatment suppressed bacterial populations on 
seedlings in one of two experiments.  The formation of large BLS lesions on fruits in the 
field was lower in plants treated as seedlings with blue, amber, and red strobe light in one 
of two years than in plants exposed to natural light. However, BLS foliar severity was 
higher, relative to the control, in the plants that received inoculum indirectly and were 
exposed to blue light as seedlings in 2014. Blue light had the most significant impact on 
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seedling growth, including reduced seedling height and increased dry weight compared 
to the control. 
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Chapter 1. Introduction 
 
Tomato (Solanum lycopersicum) is an economically important segment of 
agricultural production in the United States (US). The Midwestern US tomato production 
area including Ohio, Michigan and Indiana is the second-most important tomato 
production area in the US, contributing a farm market value of $34.9 million in fresh 
market tomatoes and $17.0 million in processing tomatoes in 2014 (USDA NASS, 2015).  
Despite the high economic value of processing tomatoes, the number of harvested acres 
of processing tomatoes decreased from 1994 to 2014 (Fig. 1.1). The harvested area in 
2014 was almost half of that of 1994. Acreage reduction in the late 1990s was primarily 
due to the departure of several large processors from the region.   However, the recent 
reduction may be caused by in part that farmers choosing to grow other crops as a result 
of reduced profits from processing tomatoes. The yield of processing tomatoes in Ohio 
has remained at or below 80 tonne/hectare for the past two decades. However, the yield 
of processing tomato in California climbed from 100 to 120 tonne/hectare between 2007 
and 2014 (Fig. 1.2). These statistics suggest the potential for yield increases of processing 
tomato in Ohio.  
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In 2009, Ohio vegetable growers for the first time noticed atypical tomato 
bacterial leaf spot (BLS) fruit symptoms on processing tomatoes. These fruit lesions were 
larger and deeper than the usual scabby spots induced by Xanthomonas. They were 
difficult or impossible to remove during processing, which resulted in an estimated 30% 
loss in tomato production in 2010 (W. Hirzel, personal communication). BLS of tomato is 
caused by one of four Xanthomonas species in a complex consisting of X. euvesicatoria, 
X. vesicatoria, X. perforans and X. gardneri (Jones et al., 2004).  These four species were 
derived from four former DNA homology groups (A, B, C and D) of Xanthomonas spp. 
causing BLS on tomatoes and peppers (Capsicum spp.) (Bouzer et al, 1994; Vauterin et al., 
1990 and 1995; Stall et al., 1994; Jones et al., 1995 and 1998; Potnis et al., 2011 and 2015). 
Race identification for tomato and pepper strains of Xanthomonas is based on 
hypersensitive responses (HR) by differential tomato and pepper lines. Currently, 11 
pepper races (P0-P10) and four tomato races (T1-T4) have been identified (reviewed by 
Stall et al., 2009). Host differential lines for each tomato or pepper race are summarized 
in Table 1.1. 
     
Worldwide distribution of BLS of tomato and pepper 
BLS is widely distributed in tomato and pepper production areas in tropical, 
subtropical and temperate climates. According to the European and Mediterranean Plant 
Protection Organization (EPPO, 2013), more than 70 countries and territories have 
reported incidences of BLS of tomato or pepper. The identities of Xanthomonas species 
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that cause tomato BLS have been investigated throughout the world (Hamza et al., 2010; 
Quezado-Duval et al., 2004; Kornev et al., 2009; Ignatov et al., 2009; Bouzar et al., 1999, 
Potnis et al., 2015). Xanthomonas gardneri has been reported from the former Yugoslavia 
(Sutic, 1957), Russian Federation (Kornev et al., 2009; Ignatov et al., 2009), southwest 
Indian Ocean territories (Hamza et al., 2010), Brazil (Quezado-Duval et al., 2004), Costa 
Rica (Bouzar et al., 1999), and Canada (Cuppel et al., 2006). In the US, X. gardneri was first 
observed in a 1995 disease outbreak in Pennsylvania and persisted in production crops in 
2001 and from 2003 to 2009 (Kim et al., 2010).  In 1996, a survey was conducted in Ohio 
production fields with an emphasis on pepper (Sahin and Miller, 1996). Based on HR tests 
and carbon utilization patterns, Sahin and Miller (1996) found that X. euvesicatoria 
(tomato race 1; T1) was the most abundant (96%) species causing BLS on peppers. A 
recent survey has revealed that the predominant species of Xanthomonas causing BLS on 
processing tomatoes is X. gardneri (Ma et al, 2011).  
 
Disease cycle of BLS  
Bacterial leaf spot is a seedborne disease. Its causal organisms, Xanthomonas spp., 
are transported on seeds or transplants into production fields and greenhouses. 
Xanthomonas spp. can survive in a low metabolic state on tomato seeds for months 
(Leben, 1981; Bashan et al., 1982). In addition, the trading and selling of seeds can result 
in long-distance dissemination (Schuster and Coyne, 1974; Bashan et al., 1982). 
Xanthomonas pathogenic to tomato and pepper can overwinter in host debris and the 
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rhizosphere of its hosts and nonhosts (Schaad and White, 1974; Leben, 1981). In Florida 
with mild winter temperatures, X. euvesicatoria survives in plant residue for up to 6 
months, but only 6 weeks in summer due to high soil temperatures (Jones et al., 1986). 
Bashan et al. (1982) found that Xanthomonas survived longer than 18 months in Israel in 
infested pepper seeds, pepper roots and soil in a sealed glass box in the field. 
Xanthomonas spp. pathogenic to tomatoes were reported to overwinter in the 
rhizosphere of wheat (Triticum spp.), sorghum (Sorghum bicolor), cucumber (Cucumis 
saltivas), bean (Phaseolus vulgaris) and pea (Pisum sativum) (Schuster and Coyne, 1974; 
Diachun and Valleau, 1946; Bashan et al., 1982). 
Xanthomonas first lives and multiplies epiphytically on the surface of the host 
plant (Sharon et al., 1981). When free moisture is available, it enters the plant apoplast 
through natural openings and wounds, such as stomata, hydathodes, and broken 
trichomes and uses a suite of effectors to acquire nutrients from damaged plant cells 
(Gardner and Kendrick, 1923; Zhang et al., 2009; Potnis et al, 2015). Eventually, bacterial 
cells deplete the nutrients in infected tissue, the epidermal layer withers and ruptures to 
release more bacteria. Free water caused by overhead irrigation or precipitation carries 
these bacterial cells to other healthy tissues. The bacteria released serve as secondary 
inoculum to initiate more infection cycles (Yang et al., 1994; Boch and Bonas, 2010).  
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Species identification 
Pathogen identification is the first step in successful plant disease management. 
Phenotyping and genotyping are two strategies used to identify phytopathogenic 
bacteria. Phenotyping includes colony morphology, carbon utilization patterns, host 
differentiation and serological methods. These methods usually require less time and 
simpler equipment than genotyping. The interpretation of the results also tends to be 
more straightforward. Therefore, identification based on phenotypes is routinely used for 
plant disease diagnostics. However, sometimes, phenotypes may be confusing at the 
species, pathovar, and subspecies levels for closely-related bacteria. Therefore, 
genotyping techniques are often necessary for pathogen species confirmation. 
Genotyping methods are based on the pathogen’s genetic information and can 
discriminate pathogens at the species level. The genotyping methods that have been 
adopted to discriminate plant pathogenic Xanthomonas spp. include DNA-DNA 
hybridization, repetitive extragenic palindromic polymerase chain reaction (or repetitive 
sequence based PCR, Rep-PCR), amplified fragment length polymorphism (AFLP) and 
restriction fragment length polymorphism (RFLP) (Ezaki et al., 1989; Jones et al., 2004; 
Rademaker et al., 2000) analyses. 
In DNA-DNA hybridization, fragments of genomic DNA from one strain (unknown 
strain) are denatured and re-associated with labeled DNA probes from another known 
strain (type strain) and the degree of re-association between the two strains is 
determined using a fluorometric assay (Ezaki et al., 1989; Jones et al., 2004). A 
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phylogenetic tree can be constructed based on pairwise DNA-DNA hybridization results. 
This method was considered most reliable before high throughput genomic sequencing 
became available for species identification. A 70% DNA-DNA homology threshold has 
been established as the standard to separate one bacterial species from another (Wayne 
et al., 1987). In pairwise comparisons, to determine the phylogenetic tree of n strains 
requires n × (n-1)/2 DNA-DNA re-associations, which is very labor intensive. Therefore, 
this method is almost impossible to be applied to large numbers of samples (Rademaker 
et al., 2000).  
Rep-PCR utilizes consensus primers that target short and interspersed repetitive 
palindromic elements within the bacterial genome (Versalovic et al., 1994). To date three 
elements have been described: repetitive extragenic palindromic (REP) elements, 
enterobacterial repetitive intergenic consensus (ERIC) sequences and the BOX element 
(Versalovic et al., 1991; Versalovic et al., 1998). The BOXA element was first described 
from Gram positive Streptococcus pneumoniae, but is absent in some other streptococcal 
species. The BOXA element is highly conserved among many bacteria (Versalovic et al., 
1994). The ERIC and REP elements have only been reported in Gram-negative enteric 
bacteria but were found in diverse unrelated bacteria (Versalovic et al., 1991; de Bruijn, 
1992).  Rep-PCR generates DNA fingerprints that consist of multiple bands of various sizes.  
Theoretically, these fingerprints are unambiguous and allow for differentiation between 
species and strains. However, comparison of fingerprints between laboratories can be 
impractical due to the differences in DNA qualities, gel qualities, thermal cycler models 
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and staining techniques on the Rep-PCR products. The advantage of Rep-PCR over DNA-
DNA hybridization is that multiple strains can be tested in one assay and the type strains 
of each species of bacteria are not required in each gel. Therefore, this approach has been 
widely applied to bacterial phylogenetic and taxonomic studies (Bouzar et al., 1994 and 
1999; Rademaker et al., 2000, Rademaker et al., 2005; Lewis Ivey et al., 2007). 
Other DNA fingerprinting methods include AFLP and RFLP.  Both methods rely on 
variations in restriction enzyme cutting sites within the genome or amplicons (Rademaker 
et al., 2000, Obradovic et al., 2004). Restriction enzyme digestions are required before a 
fingerprint is generated. Despite the ability of these methods to discriminate between 
species and strains of bacteria, they require larger amounts and/or high quality DNA. 
Compared to Rep-PCR, they involve more steps and are more time-consuming. 
The ability to sequence macromolecular subunits such as small subunit ribosomal 
DNA (rDNA) rapidly and inexpensively has revolutionized the classification of bacteria.  
Partial sequencing of the 16S rDNA gene is routinely used to identify and classify many 
plant pathogenic bacteria (Stackebrandt and Goebel, 1994; Goncalves and Rosato, 2002). 
However, for several plant pathogenic bacteria, including Pseudomonas and 
Xanthomonas, the internal transcribed spacer regions of the rDNA gene are highly 
conserved and cannot be used to discriminate to the species or pathovar taxonomic level 
(Hauben et al., 1997, Young et al., 2008). An alternative to 16S rDNA sequencing is multi 
locus sequence typing (MLST), which characterizes strains based on differences in 
sequences of two or more (preferably seven or eight) housekeeping genes (Maiden et al., 
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1998).  Most species of bacteria have sufficient variation within housekeeping genes to 
allow for specific genetic (allelic) profiles between species. Gene sequence typing may 
produce different results from DNA-DNA hybridization. For instance, Young et al. (2008) 
argued that X. euvesicatoria and X. perforans are synonyms based on their four-gene 
MLST.  Mbega et al. (2012) found a fifth genotype cluster of Xanthomonas strains from 
Tanzania based on partial sequence typing of the FyuA gene. Recently, MLST based on six 
housekeeping genes has been applied in typing Xanthomonas spp. pathogenic to 
tomatoes and peppers (Kebede et al., 2014; Timilsina et al., 2015). 
 
Fast PCR-based diagnosis 
 Although methods such as DNA-DNA hybridization and ribotyping are highly 
effective in genotyping unknown strains, they are not practical for everyday lab diagnosis 
(Louws et al., 1999). For this need, many diagnostic primers targeting specific sequences 
have been developed. RST65/69 is a primer set devised to amplify the hrpB gene to 
discriminate a wide range of pathogenic Xanthomonas (Cuppels et al., 2006). Primer set 
Xeu2.4/2.5 was designed to detect X. euvesicatoria (Moretti et al., 2009). Recently, 
primers have been designed to amplify a gyrB sequence specific to X. vesicatoria (Araujo 
et al., 2013).  
In 2012, a multiplex PCR assay was designed to separate the four species of 
Xanthomonas that cause BLS on tomatoes and peppers (Koenraadt et al., 2009; Araujo et 
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al., 2012). Four sets of primers that target sequences of different sizes observed in AFLP 
were adopted in this multiplex PCR assay. This multiplex PCR assay was used to type 52 
Ohio strains collected in 2012 (data not shown). However, no DNA amplicon was observed 
in ten of 17 X. perforans and two of 31 X. gardneri strains. This suggests that the 
Xanthomonas strains, especially X. perforans, may be genetically diverse and lack 
conservation in the genes targeted by this multiplex PCR assay. False negative results can 
be generated when the pathogen is present but cannot be detected by PCR. In such cases, 
multiplex PCR needs to be used in conjunction with other methods. 
 
Management of BLS 
Managing tomato BLS is very difficult for several reasons, including epiphytic 
survival (Sharon et al., 1981; Zhang et al., 2009), fast development of copper-resistant 
strains (Bender et al., 1990), and the lack of effective bactericides (Marco and Stall, 1983; 
Thayer and Stall, 1961) or resistant cultivars. Therefore, an integrated approach of 
management is essential. Components of an integrated plan for managing BLS include 
understanding the biology of the pathogen, good cultural practices, chemical application, 
and host resistance.  
Using pathogen-free seeds and seed sanitation is essential in controlling 
seedborne bacterial phytopathogens. Tomato seeds should be produced in a dry area or 
in a greenhouse without overhead irrigation to minimize disease incidence (Goode and 
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Sasser, 1980). Hot water treatment of tomato seeds can effectively eradicate bacterial 
pathogens on the seed surface and under the seed coat (Lewis Ivey and Miller, 2004). 
Treatment with hydrochloric acid or trisodium orthophosphate plus sodium hypochlorite 
have also been suggested (Good and Sasser, 1980).  
In the Midwestern US, tomato and pepper seeds are sown and seedlings produced 
in greenhouses. Seedlings of approx. 5-6 weeks old are transplanted to fields to increase 
seedling consistency and plant stands. However, bacterial pathogen development is 
favored by the relatively high temperature and high humidity environment of 
greenhouses. Seedlings infected with Xanthomonas spp. can remain asymptomatic, 
which makes it difficult to discover the disease before transplanting and can later lead to 
severe damage in fields. Therefore, it is important to manage BLS during seedling 
production to promote disease-free field cultivation.  
Diab et al. (1982) investigated the relationship between greenhouse relative 
humidity (RH) and the severity of bacterial spot of pepper. They found that incubation for 
at least one day in high RH (100%) was necessary to induce disease symptoms later. Daily 
misting of 1-2 hours for 9 days was adequate for symptom development. Pepper plants 
inoculated with the pathogen but placed in low humidity (40%) did not show symptoms. 
However, symptoms appeared when the plants were returned to a high humidity 
environment after 1 week. If the dry period prior to returning to high humidity lasted 
longer than 3-4 weeks, later development of symptoms was prevented (Diab et al., 1982). 
Little is known about the interaction between X. gardneri and RH on tomato seedlings. 
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Understanding the humidity requirements for the development of BLS caused by X. 
gardneri will provide stakeholders useful information for controlling BLS by manipulating 
greenhouse RH. The frequent overhead irrigation applied in greenhouses also increases 
the bacterial transmission, and reduces the protective copper deposited on leaf surfaces. 
Characterizing this dynamic of copper retention on leaf surfaces under the influence of 
irrigation water can give stakeholders valuable information to optimize irrigation and 
copper application programs. 
Applications of fixed copper bactericides and antibiotics are the major methods of 
controlling BLS for both greenhouse (seedling) and field production. Copper hydroxide- 
(Kocide) and copper sulfate-based (Cuprofix) bactericides are recommended in tomato 
production (Dougherty, 1978; Jones et al., 1991). Copper-based bactericide has been 
applied for BLS control since the 1920s (Higgins, 1922). Mixing copper bactericides with 
mancozeb (ethylene-bis-dithiocarbamate) can increase the active copper ion 
concentration in the mixture for better control efficiency, and has become a routine BLS 
management method (Marco and Stall, 1983). However, copper sensitivity in 
Xanthomonas has diminished since its introduction to the agricultural industry (Marco 
and Stall, 1983, Martin et al., 2004). In addition, copper is not effective in fields with 
frequent precipitation due to the high disease transmission (Goode and Sasser, 1980). As 
a result, recent field trials in Ohio showed limited efficacy of copper in controlling BLS in 
processing tomatoes (Miller et al., 2009; Miller and Mera, 2011). Similarly, increasing 
insensitivity to streptomycin, an antibiotic derived from Streptomyces griseus, has been 
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established in Xanthomonas strains since the 1960s (Thayer and Stall, 1961; Stall and 
Thayer, 1962). An alternative to copper is acibenzolar-S-methyl (ASM, commercially, 
Actigard 50WG), which is a systemic acquired resistance (SAR) inducer. A four-year 
experiment carried out in multiple states (Alabama, Florida, Ohio, North Carolina) and 
Ontario, Canada showed that ASM can achieve similar or better results in management 
of BLS than copper products (Louws et al., 2001).  Field trials in Florida demonstrated that 
a weekly application of 0.34 oz. per acre of ASM resulted in significantly lower BLS 
intensity compared with standard treatment (copper with mancozeb) (Zhang et al., 2010). 
However, phytotoxicity has been observed on tomato seedlings treated with ASM (Louws 
et al., 2001). 
Agricultural adjuvants are used in combination with pesticides and herbicides to 
increase the solubility, adsorption, penetration and translocation of the active ingredients 
(Foy 1996). Surfactants, or surface-active agents, are the largest group of adjuvants (Foy, 
1996; Krogh et al., 2003). Surfactants are utilized to lower the free surface energy of the 
aqueous chemical mixture. As a result, droplets show a lower contact angle and a larger 
spread area on the plant surface, which provides better droplet adhesion and coverage. 
Surfactants can be divided into two groups: ionic and nonionic. Cations and anions of ionic 
surfactant tend to bind to other charged particles (e.g. copper ions) in the chemical 
solution. Therefore, non-ionic surfactant is a better choice for agrichemicals over ionic 
surfactant. There are three subgroups of nonionic surfactants: alkylphenol ethoxylates 
(APEOs), alcohol ethoxylates (AEOs) and alkylamine ethoxylates (ANEOs) (White et al., 
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1993). Two commonly used surfactants for field tomato production are Activator 90 
(subgroups APEO and AEO) and Silwet L-77 (trisiloxane polyethoxylate, subgroup APEO). 
It is worth noticing that there is a potential for surfactants to facilitate the penetration of 
pathogenic bacteria into tomato plants. Surfactants have been mixed with pathogen 
inoculum by researchers to assure disease development after inoculation (Gargantiel and 
Barredo, 1978; Lewis Ivey et al., 2014). 
 
Light and plant defense 
Plant disease resistance can be induced by light through photoreceptors (Karpinski 
et al. 2003). There are three types of photoreceptors in plant cells: phytochromes (PHY), 
cryptochromes (CRY) and phototropins (PHOT) (Briggs et al., 2001; Liu, 2002; Schafer and 
Bowler, 2002). Phytochromes receive red and far-red light from the light spectrum, while 
CRY and PHOT are active in the blue light spectrum and UV-A region. In Arabidopsis, the 
salicylic acid (SA)-dependent signal transduction pathway was found to interact with PHY 
signaling, and mutations in PHYA and PHYB genes suppressed the expression of HR when 
Arabidopsis was challenged with an incompatible pathogen (Genoud et al., 2002). 
Arabidopsis mutants of cryptochrome, phototropin, or phytochrome photoreceptors 
revealed that the expression of plant defense genes PR1 (Pathogen Related protein 1) and 
PAL1 (Phenylalanine Ammonia Lyase 1) was dependent on functional PHY (Griebel and 
Zeier, 2008). The blue light sensors CRY and PHOT have been recently implicated in 
mediation of viral defense in Arabidopsis (Jeong et al., 2010b). Specifically, CRY2 and 
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PHOT2 in Arabidopsis are essential for the stability of the R gene that confers resistance 
to Turnip crinkle virus (Jeong et al., 2010a).  
Two photosynthetic reaction centers are present in chloroplasts: photosynthetic 
system I (PSI) and photosynthetic system II (PSII). PSI absorbs light in the far-red spectrum 
(700-850 nm) while PSII receives orange/red waves (650-680 nm). Imbalanced excitement 
of two reaction centers can result in increased or decreased production of reactive oxygen 
species (ROS) (Karpinski et al., 1999). This process resembles the phenomenon of HR, for 
which the ROS level increases rapidly. But excess excitement energy can induce photo-
oxidative damage with symptoms of foliar bleaching chlorosis and bronzing, which 
triggers local defense systems such as SAR and defense gene expression. Salicylic acid was 
also found in Arabidopsis with excess excitement energy (Karpinski et al., 2003).   
Evidence of disease reduction associated with specific wavelengths of light has 
been provided mainly for red and far-red spectra. Red light (600-700 nm) is considered 
essential to induce SAR in many plants. Red light was reported to induce resistance 
against Phytophthora capsici in seedlings of pepper, pumpkins, and tomato (Islam et al., 
1998 and 2002). Tomato seedlings were grown under red light until 3-4 weeks old, and 
then transferred to natural daylight. Meanwhile, seedlings were inoculated with P. capsici 
zoospores or by transferring them to infested soil. Controls were grown under white light 
and natural daylight before inoculation. Seventy-eight percent of zoospore-inoculated 
seedlings survived for 15 days, while none of the controls survived for 7 days. In infested 
soil, 79% of red light-treated seedlings survived 15 days, while only 20% of the controls 
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survived the same amount of time (Islam et al., 2002).  Resistance was also induced on 
broad bean against Botrytis cinerea (Khanam et al., 2005). Four-week-old Arabidopsis 
plants were pretreated with red light and then inoculated with root-knot nematode. Galls 
were evaluated on the entire root system. Natural light control and SA-impaired 
transgenic (nahG) plants were included. Galls were significantly reduced on red light-
treated wild type and transgenic plants. But red light-treated wild type Arabidopsis had 
fewer galls than red light-treated transgenic ones (Islam et al., 2008). Similarly-treated 
Arabidopsis plants were challenged with Pseudomonas syringae pv. tomato, and bacterial 
population were suppressed significantly in the red light-treated plants. Salicylic acid-
impaired plants with or without red light treatment harbored the highest bacterial 
populations (Islam et al., 2008).  
Surprisingly, green light, which does not have a receptor in plants, was also found 
to mediate plant defense. Ishida et al. (2008) invented a device with green light emitting 
diodes (LED) for plant disease control. The inventors reported that the JA precursor AOS 
(allene oxide synthase) was expressed with green light treatment, but not with red, blue 
or yellow light. Cucumber anthracnose severity was reduced with the use of green light 
treatment. Moreover, the inventors investigated the use of intermitted, constant and 
pulsed light application. Pulsed green light (12 pulses per minute) suppressed 
anthracnose and was more effective than constant and intermitted lights. (Ishida et al., 
2008). 
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Strobe light and xenon flash tube 
Strobe light (LP3E, Federal Signal Corporation, Oak Brook, IL) was used by a private 
grower in Bowling Green, OH for supplemental lighting in tomato seedling production and 
greenhouse tomato production (D. Bostdorff, personal communication). This strobe light 
uses a xenon-filled flash tube as its light source. The capacitor attached to the tube 
collects electrical power to a critical level, then releases a high voltage to ionize the xenon 
gas in the flash tube. Ionized xenon gas becomes electrically conductible and conducts 
the electrical currency produced by the capacitor. This activity initiates a heating phase 
followed by a decay phase of xenon gas. The two phases are completed in milliseconds. 
In the decay phase, xenon turns electrical energy to radiation close to daylight color with 
a rich biocidal ultraviolet radiation (<400 nm). Increasing the discharge voltage can 
increase the ratio of ultraviolet radiation (Vanyukov and Mak, 1958), which can be used 
as a surface sterilizing agent. Other factors that can affect spectral distribution include 
xenon gas pressure, input energy and lens transmitting character. These features make 
xenon flash tubes an extensively used light source that can produce desired light in a 
broad spectral range for plant production (Phillips and Myers, 1954), disease resistance 
induction (Genoud et al., 2002; Karpinski, et al., 1999) and plant surface sterilization 
(Gómez-López et al. 2005; Rowan et al. 1999; Sharma and Demirci, 2003). 
 
In this dissertation, I report on the background of BLS in tomatoes and peppers 
and the challenges and opportunities in the management of BLS in the US Midwest 
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(Chapter 1). My studies on bacterial species identity and the bactericide/antibiotic 
insensitivity of the causal agents of BLS in processing, fresh market tomatoes and peppers 
in Ohio and Michigan are reported in Chapter 2.  In Chapter 3 I focus on the assessment 
of the effect of bactericides, plant activators, seedling spacing, relative humidity, and 
overhead irrigation on the development of BLS caused by X. gardneri in the greenhouse. 
A 2-year field trial employing bactericides, a plant activator, and surfactant (Activator 90) 
is summarized in Chapter 4.  Finally, results of an intriguing strobe light radiation method 
on seedling growth and suppression BLS caused by X. gardneri are presented in Chapter 
5. 
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Table 1.1. Differential reactions of races associated with pepper and tomato genesa 
Pepper   Tomato 
Resistance Genes Bs1 Bs2 Bs3 Bs4   Resistance Genes rx1,rx2,rx3 Xv3 Xv4 
Source PI 163192 PI 260435 PI 271322 PI 235047   Source Hawaii 7998 
PI 128216 
and Hawaii 
7981 
LA716 
Pepper race           Tomato race       
0 HRb HR HR HR   1 HR Sus Sus 
1 Sus HR HR HR   2 Sus Sus Sus 
2 HR HR Sus Sus   3 Sus HR HR 
3 Sus HR Sus HR   4 Sus Sus HR 
4 Sus Sus HR HR           
5 HR Sus Sus Sus           
6 Sus Sus Sus HR           
7 Sus HR HR Sus           
8 Sus HR Sus Sus           
9 Sus Sus HR Sus           
10 Sus Sus Sus Sus           
a This table is adapted from Stall et al., 2009             
b HR indicates a hypersensitive reaction in which the host is resistant to the organism; Sus indicates a susceptible reaction, also 
known as compatible reaction. 
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Fig. 1.1. The harvested area of processing tomatoes in Ohio between 1994 and 2014. 
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Fig. 1.2. Comparison between the yield per hectare of processing tomato in Ohio and 
that in California from 1994 to 2014. 
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Chapter 2. Characteristics of Xanthomonas spp. causing bacterial leaf spot of tomato 
and pepper in a temperate climate 
 
Abstract 
Phytopathogenic Xanthomonas spp. cause serious losses in tomato and pepper 
production in the US Midwest. In a 4-year survey of processing tomatoes, fresh market 
tomatoes and peppers in 16 counties in Ohio and one county in Michigan, Xanthomonas 
species were identified using a polymerase chain reaction (PCR) assay that amplified a 
partial HrpB sequence, followed by BOX-PCR. All strains were subject to tests for copper 
and streptomycin insensitivity. A total of 240 strains were obtained, comprising 169, 45, 
and 26 strains of X. gardneri, X. perforans, and X. euvesicatoria, respectively. The 
predominant species in processing and fresh market tomatoes was X. gardneri. The odds 
of X. perforans being present in fresh market tomatoes was approximately two and 14 
times higher than in processing tomatoes and peppers, respectively. Xanthomonas 
euvesicatoria was the most abundant species in peppers. Of all strains collected in this 
survey, 98%, 68% and 4% were insensitive to 30, 100, and 200 μg/ml copper sulfate, 
respectively. A higher probability of the presence of copper-insensitive strains was 
associated with processing tomatoes, relative to other hosts in this survey. Symptomatic 
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tomato fruits and stems from processing tomatoes inoculated with a rifampicin-resistant 
X. gardneri strain were buried at 15 cm depth in three Ohio soil types. Xanthomonas 
gardneri was not recovered from the processing tomato fruits and fragmented stems 6 
months after burying. 
 
Introduction 
Xanthomonas is a genus of Gram negative, monotrichous, rod-shaped bacteria 
including the species that cause bacterial leaf spot (BLS) disease of tomato (Solanum 
lycopersicum) and pepper (Capsicum spp.). This seedborne pathogen can survive in a low 
metabolic state on seeds for months in storage (Bashan et al., 1982). As seeds germinate, 
Xanthomonas first lives and multiplies epiphytically on the surface of seedlings without 
inducing symptoms (Sharon et al., 1981). When free moisture is available on the plant 
surface, Xanthomonas enters the plant apoplast through natural openings and wounds, 
such as stomata, hydathodes, and broken trichomes and uses a suite of effectors to 
acquire nutrients from damaged plant cells (Gardner and Kendrick, 1923; Zhang et al., 
2009; Potnis et al, 2015). When the multiplied bacterial cells deplete the nutrients from 
infected tissue, the epidermal layer withers and ruptures to releases more bacteria. Free 
water carries these bacterial cells to other healthy tissues to serve as secondary inoculum 
to initiate more infection cycles (Yang et al., 1994; Boch and Bonas 2010). Overhead 
irrigation employed in the greenhouse and field, and the rainy growing season in the 
Midwest make BLS an economically significant disease in this region.  
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The first reports of BLS on tomato and pepper in the US were in 1921 and 1923, 
respectively, in Indiana, preceded by its first emergence in South Africa in 1914 (Gardner 
and Kendrick 1921; Gardner and Kendrick 1923). The causal agent was initially named 
Bacterium vesicatorium; the name was changed later to Pseudomonas vesicatoria, then 
Phytomonas vesicatoria, Xanthomonas vesicatoria and Xanthomonas campestris pv. 
vesicatoria (Young et al., 1978; Jones et al., 2004; Potnis et al., 2015).  In the 1990s, DNA-
DNA hybridization and Repetitive element palindromic PCR (Rep-PCR) data, along with 
amylolytic and pectolytic hydrolysis results suggested that two groups (Group A and 
Group B) of Xanthomonas spp. exist under the nomenclature X. campestris pv. 
vesicatoria. Group A was assigned to X. axonopodis pv. vesicatoria, while Group B to X. 
vesicatoria (Vauterin, 1995, Bouzar et al., 1999). Xanthomonas perforans (Group C) was 
first discovered in the 1990s in Florida (Jones et al., 1995). Xanthomonas gardneri (Group 
D) was first found in the former Yugoslavia in 1953 but had long been considered a 
synonym of X. vesicatoria (Sutic, 1957; Dye, 1966). The first X. gardneri in the US was 
reported in Pennsylvania from a 1995 sample (Kim et al., 2010). The current four 
group/four species designation within the BLS disease complex of tomato and pepper was 
established based on DNA-DNA hybridization work and a suite of phenotypic tests in 
2004, when X. axonopodis pv. vesicatoria was reassigned to X. euvesicatoria (Jones et al., 
2004). To date, BLS is distributed in tomato and pepper production areas in tropical, 
subtropical and temperate climates where tomato and pepper are grown (European and 
Mediterranean Plant Protection Organization (EPPO), 2013; Potnis et al., 2015). Two 
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tendencies in the population of Xanthomonas spp. associated with pepper and tomato 
have been noted. In the last two decades, X. perforans strains have predominated over X. 
euvesicatoria in Florida. In addition, recent investigations revealed that X. gardneri is 
spreading in Ohio and surrounding regions, namely, Pennsylvania and Ontario, Canada 
(Cuppels et al., 2006; Kim et al., 2010; Ma et al., 2011, Abbasi et al., 2015). 
Bactericides containing fixed copper have been recommended to control BLS since 
1922 (Higgins, 1922). Although new techniques such as bacteriophage and TiO2 
photocatalytic nanoparticles are under development, copper application is still the most 
common method for BLS management in tomatoes and peppers in the field (Obradovic 
et al., 2004a; Paret et al., 2012). Mancozeb has been added to copper bactericides to 
increase the concentration of active copper ions (Marco and Stall, 1983). Streptomycin 
has been used to manage apple fire blight extensively, but is only registered for use in the 
tomato and pepper seedling production stage. Copper and streptomycin resistance of 
Xanthomonas associated with pepper and tomato BLS have been described (Marco and 
Stall, 1983; Thayer and Stall, 1961). Despite of the notable inefficiency of copper 
applications in Ohio, the current profiles of copper and streptomycin insensitivity in BLS-
associated Xanthomonas spp. remain unclear. 
In 2009, Ohio growers noticed atypical BLS symptoms on processing tomato fruit, 
with larger, deeper, edge-cracking lesions. Tomato processors noted that these lesions 
were difficult or impossible to remove in the peeling process and consequently rejected 
loads with a high proportion of symptomatic tomato fruits. As a result, BLS accounted for 
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losses equivalent to 30% of the total yield of Ohio processing tomato production in 2010 
(W. Hirzel, personal communication). 
A 4-year survey was conducted across processing tomato, fresh market tomato, 
and pepper to characterize the species identity of the causal strains and their 
copper/streptomycin resistance. In addition, the longevity of X. gardneri was examined in 
three types of Ohio soils to improve knowledge for current cultural practices. 
 
Materials and Methods 
Sampling tomatoes and peppers with BLS for Xanthomonas 
From 2010 to 2013, a total of seven counties in northwestern Ohio and Lenawee 
County, Michigan were surveyed to isolate and characterize the causal bacteria of BLS in 
processing tomatoes as detailed in Table 2.1. A total of 79 processing tomato fields were 
surveyed. Fields were sampled in a zigzag manner and symptomatic leaves and fruits were 
collected from different disease foci. About one fruit sample and one leaf sample that 
exhibited typical necrotic lesions of BLS were collected from each field in 2010. From 2011 
to 2013, one to three fruit samples were collected from each field based on field size and 
disease incidence. Fresh market tomatoes with BLS lesions were collected from 36 fields 
in six counties in Ohio between 2011 and 2013 (Table 2.2). Pepper samples including bell, 
chili, and jalapeño peppers were collected from 22 fields across eight counties from 2011 
to 2013 (Table 2.3). Pepper leaves showing typical necrotic BLS symptoms were collected. 
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One sample was collected from each field. This survey also included some BLS samples 
submitted to the OSU Vegetable Pathology Laboratory, usually containing one sample 
from each field. The cultivar and location information for each sample were recorded.  
The seeds of processing tomatoes included in this survey were produced by 
independent seed producers and germinated in independent greenhouses prior to 
transplanting. The processing cultivars included in this survey were produced mainly by 
three tomato seed companies coded as A, B and C. Six cultivars from ten fields were 
associated with A; eight cultivar from 43 fields were associated with B; and one cultivar 
from six fields were associated with C. Two regions were designated: the Northwestern 
region including Fulton, Henry, Putnam, Huron, Seneca, Erie, Wood, Sandusky, and 
Ottawa counties in Ohio and Lenawee County in Michigan, and the Northeastern region 
including Wayne, Medina, Ashland, Geauga, and Mahoning counties. 
All samples were bagged in clear plastic bags, stored in an iced portable cooler, 
then refrigerated (4°C) within 4 hours after collection.  Samples were processed for 
bacterial isolation within 48 hours after collection. Multiple bacterial isolates were 
obtained from each sample. Two isolates were selected for processing tomato fruit 
samples collected in 2010. In other cases, one isolate was deposited from each sample. 
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Bacterial isolation and DNA extraction 
Bacteria were extracted from plant tissues using standard isolation methods. 
Briefly, tissues from lesion margin were surface sterilized with 75% ethanol then air-dried. 
Dried tissues were aseptically minced and transferred to 1.5 ml micro-centrifuge tubes 
containing 1ml potassium phosphate buffer (KPB, K2HPO4 13.97 g/L, KH2PO4 2.69 g/L, pH 
= 7.4). Tissues were macerated, then shaken for 30 min at 200 rpm to release bacterial 
cells. The bacterial suspension was plated on yeast dextrose carbonate agar medium 
(YDC, yeast extract 10 g/L, dextrose 20 g/L, calcium carbonate 20 g/L, agar 15 g/L). After 
3 days, Xanthomonas-like colonies were picked and purified twice on YDC. Purified 
colonies were frozen at -80°C in cryogenic vials containing 15% glycerol in nutrient broth 
yeast extract (NBY; peptone 5 g/L, beef extract 3 g/L, yeast extract 2g/L, K2HPO4 2 g/L, 
KH2PO4 0.5 g/L). Bacterial cell suspensions were prepared by adding one loop of bacterial 
cells from a single colony to 100 μl nuclease-free water. Bacterial genomic DNA was 
extracted using the CTAB (Sahin et al., 2003) protocol in 2010 and 2011, and a Wizard® 
Genomic DNA Purification Kit (Promega, Madison, WI) in 2012 and 2013. Bacterial 
genomic DNA concentration was determined using a NanoDrop (Thermo Fisher Scientific 
Inc. Wilmington, DE) and cell suspensions were diluted to 50 ng/μl and frozen at -20°C 
prior to assay.   
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Identification of bacterial isolates 
Purified bacterial cultures were confirmed as Xanthomonas using a polymerase 
chain reaction (PCR) assay with the primer set (RST65: 5’-GTCGTCGTTACGGCAAGGTG 
GTCG-3’ RST 69: 5’-TCGCCCAGCGTCATCAGGCCATC-3’) (Obradovic et al., 2004b). Each 
reaction included 12.5 μl 2X GoTaq Green Master Mix (Promega, Madison, WI), 10 μl 
nuclease-free water, 1.25 μl of each primer at the concentration of 10 μM. 2X GoTaq 
Green Master Mix contained 100 units/ml Taq polymerase, 400μM of each dNTPs, 3 mM 
MgCl2, and yellow and blue tracking dyes. Finally, 1 μl bacterial suspension or 1 μl isolated 
genomic DNA prepared as described above was added to each reaction. PCR assays were 
conducted in a PTC-100 thermal cycler (MJ Research, Waltham, MA) with the following 
program: 5 min initial denaturation at 95°C, followed by 30 cycles of 30 s at 95°C, 30 s at 
63°C, and 40 s at 72°C, finalized with 5 min extension at 72°C. Nuclease-free water and X. 
euvesicatoria strain 110C were included as the negative and positive controls, 
respectively. Ten microliter of the resulting PCR product was separated by electrophoresis 
with Tris-TAPS-EDTA (TTE, 50 mM Tris-base, 50 mM TAPS acid, 1 mM EDTA, pH = 8.3) 
buffer in a 1.5% agarose gel at 7 V/cm for 60 min. A 422-bp PCR product was expected for 
reactions contain DNA of BLS-associated Xanthomonas as the template. Gels were stained 
with 3X GelRed (Biotium Inc., Hayward, CA) and illuminated under UV light. Gel images 
were taken with a mounted digital camera. 
 Bacterial isolates confirmed to be Xanthomonas were identified to species using 
the BOX-PCR fingerprinting analysis (Louws et al., 1994). The primer BOXA1R (5’-
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CTACGGCAAGGCGACGCTGACG-3’) was used to amplify the sequences between the 
palindromic intergenic repetitive BOXA subunits (Louws et al., 1994). Each PCR reaction 
contained 12.5 μl 2X GoTaq Green Master Mix, 11.25 μl nuclease-free water, 1.25 μl of 
the BOXA1R primer at a concentration of 10 μM. One microliter of bacterial genomic DNA 
was included as the template. The following program was conducted in a thermal cycler 
(PTC-100 MJ Research, Waltham, MA): initial cycle of at 95°C followed by 30 cycles of 1 
min denaturation at 94°C, 1 min annealing at 53°C, and 8 min of extension at 65°C, 
followed by a final 15-min extension at 65°C (Louws et al., 1994). Xanthomonas 
euvesicatoria 110C (Sahin et al., 2003), X. vesicatoria 791 (Lewis Ivey et al., 2010), X. 
perforans 1220 (tomato race 3, Lewis Ivey et al., 2010), X. perforans 4B (tomato race 4, 
provided by J. B. Jones), and X. gardneri XcgA2 (provided by J. B. Jones) were included as 
reference strains along with a water-only negative control in each assay. Amplicons 
present in 8 µl PCR products were separated by electrophoresis in 2% agarose gels in Tris-
acetate-EDTA buffer (TAE, 40 mM Tris-base, 20 mM acetic acid, 1 mM EDTA, pH 8.3) at 5 
V/cm for 6 hours. Agarose gels were stained with ethidium bromide at 2 μg/ml for 10 min 
and visualized under UV light. Gels were photographed with a digital camera and further 
analyzed by manual comparison. In addition, 22 Xanthomonas strains presumptively 
identified as tomato race 2 (X. vesicatoria) in a previous study (Sahin, 1997) were 
fingerprinted as described above.  
 Fifty-two strains collected in 2012 were subject to multiplex PCR employing a 
mixture of four pairs of primers (Bs-XeF: 5’-CATGAAGAACTCGGCGTACTG-3’; Bs-XeR: 5’-
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GTCGGACATAGTGGACACATAC-3’; Bs-XvF: 5’-CCATGTGCCGTTGAAATACTTG-3’; Bs-XvR: 5’-
ACAAGAGATGTTGCTATGATTTGC-3’; Bs-XpF: 5’-GTCGTGTTGATGGAGCGTTC-3’ Bs-XpR: 5’-
GTGCGAGTCAATTATCAGAATGTGG-3’; Bs-XgF: 5’-TCAGTGCTTAGTTCCTCATTGTC-3’ Bs-
XgR: 5’-TGACCGATAAAGACTGCGAAAG-3’) to detect each Xanthomonas species in a single 
PCR (Koenraadt et al., 2009, Araujo et al., 2012). The protocols were adapted from Araujo 
et al., (2012). The only modification was reduction of the annealing temperature from 
66°C to 63°C in order to obtain robust amplicons. Multiplex PCR assays were conducted 
twice for each sample with bacterial DNA extracts and cell suspensions as templates. Ten 
microliters of PCR products of each PCR reaction were separated by electrophoresis in a 
3% agarose gel, 10 V/cm for 2 hours, alongside a 25 bp marker, in 1X TAE Buffer. Gels 
were stained post-run for 20 min in 3X GelRed (Biotium Inc., Hayward, CA). 
 
Determination of copper and streptomycin sensitivity in Xanthomonas strains 
Bacterial strains were tested for sensitivity to copper and streptomycin on glucose 
nutrient agar (GNA; peptone 5 g/L, beef extract 3 g/L, agar 15 g/L, 0.5% glucose) amended 
with copper sulfate (30 μg/ml, 100 μg/ml, or 200 μg/ml) or streptomycin (20 μg/ml or 200 
μg/ml) (Ritchie and Dittapongpitch, 1991; Sahin and Miller, 1996) in 6-mm diameter Petri 
dishes.  Individual colonies were picked and streaked to cover the medium surface. Plates 
were incubated at room temperature for 3 days before evaluation. Non-amended GNA 
was included as a negative control in each group. During evaluation, the growth of X. 
gardneri colonies on media amended with copper and streptomycin was compared with 
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growth on non-amended media. Strains for which colony growth was 50-100% of the 
growth on non-amended control media were considered insensitive to the given chemical 
rate. Each strain was tested in duplicate.  
 
Longevity of X. gardneri in the field 
A strain of X. gardneri insensitive to rifampicin at 100 ppm was generated. Briefly, 
an X. gardneri (SM174-10) suspension was plated on GNA medium amended with 100 
ppm rifampicin. Insensitive strains were selected in 6 days and were purified on the same 
medium. Processing tomatoes (cv. Heinz 9704) were inoculated with X. gardneri 
SM174rifR in late June 2013. Samples of fruits and stems were collected at the end of the 
growing season, on October 16, 2013. Each sample contained four tomato fruits, or four 
3-cm pedicels, with bacterial spot lesions. The fruit and stem samples were weighed and 
placed in 30 cm × 30 cm nylon net fabric parcel, then buried 15 cm deep, 0.5 meter apart 
in three soil types in two locations: Colwood fine sandy loam (OARDC North Central 
Agricultural Research Station (NCARS), Fremont, OH; coordinates: 41.31, -83.17), 
Hoytville silty clay loam (OARDC NCARS, Fremont, OH; coordinates: 41.31, -83.18), and 
Wooster silt loam (OARDC, Wooster, OH; coordinates: 40.77, -81.91). Samples were 
buried in a randomized complete block design with four replicate blocks. Populations of 
X. gardneri SM174rifR in four-replicate non-buried stem and fruit tissues were 
determined. Four fruit and four stem samples were uncovered 6 and 12 months (April 25 
2014, Oct 30 2014) after burying and X. gardneri populations were determined. Fruit and 
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stem samples were vigorously ground in a stomacher blender at 5 strokes per second 
(Tekmar Company, Cincinnati, Ohio) in 100 ml and 50 ml extract buffer (KPB, K2HPO4 
13.97 g/L, KH2PO4 2.69 g/L, pH = 7.4), respectively. The resulting suspension was serially 
diluted and plated on nutrient agar (NA; peptone 5 g/L, beef extract 3 g/L, agar 15 g/L) 
with 0.5% glucose. Colony counts were recorded after 4 days and converted to CFU/g 
based on the dilution factor and tissue weight. The identity of representative colonies was 
confirmed by PCR as described above. The soil temperature at 10 cm depth was 
monitored by the OARDC Weather System (http://www.oardc.ohio-
state.edu/newweather/).  
 
 
Data analysis 
 The odds and odds ratio of a certain species of Xanthomonas being present in a 
sample associated with BLS disease in a given host were examined. The odds were termed 
for the times a certain event occurred (the presence of a certain species of Xanthomonas 
in this case) divided by the times this event did not occur (the absence of this species of 
Xanthomonas) in a given situation (in samples associated with BLS). In equation form, 
odds were described as: 
𝑂 =  
𝑝
1−𝑝
                      (2.1) 
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Where O represents odds, p denotes the probability of the presence of one of the 
Xanthomonas spp. in the samples associated with BLS, and 1 − 𝑝 denotes the probability 
of the absence of this Xanthomonas spp. in the samples associated with BLS.  
 Taking X. gardneri as an example, the odds of X. gardneri being associated with 
different types of hosts (processing tomato, fresh market tomato and pepper) with BLS 
symptoms can be estimated. Having counted the number of Xanthomonas strains 
collected from the three different hosts, X. gardneri was present in 121 of 169 samples 
from processing tomatoes, 26 of 45 samples from fresh market tomatoes, and six of 26 
samples from peppers (Table 2.4). The odds of detecting X. gardneri in processing 
tomatoes, fresh market tomatoes and peppers were 2.52 (121/48), 1.37 (26/19), and 0.3 
(6/20), respectively (Table 2.4). The odds ratio is the product of the division of two odds. 
Therefore, the odds ratio for the presence of X. gardneri in processing tomato relative to 
fresh market tomato was 1.84 (2.52/1.37), which indicates the likelihood of finding X. 
gardneri in processing tomatoes with BLS was 1.84 times greater than in fresh market 
tomatoes. Likewise, the probability of finding X. gardneri in processing tomatoes with BLS 
symptoms relative to peppers with symptoms, and in fresh market tomatoes relative to 
peppers were 8.4 (2.52/0.3) and 4.6 (1.37/0.3), respectively.  
 Binary logistic regression was used to model the data for the presence/absence 
of one Xanthomonas spp. in association with host differentiation as in the following 
equation: 
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ln (
𝑝
1−𝑝
) =  𝛼 +  𝛽𝑋        (2.2) 
Where, ln(
𝑝
1−𝑝
) denotes the log-odds (logit) of the presence of a Xanthomonas spp. of 
interest, p is the probability of the presence of a Xanthomonas spp. in samples with BLS, 
𝛼 is the intercept, X is the categorical predictor variable of host type (processing tomato, 
fresh market tomato, and pepper), 𝛽  denotes the parameter related to host type. 
Similarly, the data for Xanthomonas strains isolated from processing tomatoes were 
separately modeled with equation (2.2) to factor their distribution across counties, seed 
producers or regions, in which X denotes categorical predictor variable seed producer, 
region or different counties. Proc Logistic procedure of SAS (SAS Inc. Cary, NC) was 
employed to carry out the logistic regression analysis. Odds ratios were calculated by 
comparing the odds of two categorical factors for predictor variables (Paul and Munkvold, 
2004). 
 Copper and streptomycin sensitivity was evaluated based on growth/no growth 
of isolates on a given level of bactericide/antibiotic. Therefore, the probability of 
insensitivity (growth) can be estimated in the same manner as described above. Similarly, 
odds, odds ratio and logistic regression model can be fitted to the data of copper and 
streptomycin sensitivity in the following equation: 
ln (
𝑝
1−𝑝
) =  𝛼 +  𝛽1𝑋 +  𝛽2𝑌 + 𝛽3(𝑋𝑌)       (2.3) 
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Where, ln(
𝑝
1−𝑝
) denotes the log-odds (logit) of the probability of the given Xanthomonas 
spp. being insensitive (growth) on a certain level of bactericide/antibiotic, α is the 
intercept, 𝛽1 , 𝛽2  and 𝛽3  represent the model parameters, X denotes the categorical 
predictor variable of host types (processing tomato, fresh market tomato, and pepper), Y 
denotes the categorical predictor variable of Xanthomonas spp. (X. euvesicatoria, X. 
perforans, and X. gardneri) present in this survey, XY is the interaction between the host 
type and the Xanthomonas spp. In addition, the strains from the two regions designated 
as above were analyzed with a binary logistic model (equation 2.2) to determine the 
difference between the two regions. Proc Logistic procedure of SAS was used with 
backward stepwise regression to include predictor variables with significant contribution 
to the model (P > 0.1), and odds ratio were calculated as describe above.  
 
Results 
Distribution of Xanthomonas species 
The BOX PCR assays generated fingerprint patterns consisting of amplicons 
ranging from 200 bp to 2000 bp (Fig. 2.1). Fingerprint patterns differed reproducibly 
among the four Xanthomonas species. The fingerprint of X. euvesicatoria 110C consisted 
of two major amplicons, one between 1650 and 2000 bp, and the other at 1000 bp. The 
X. vesicatoria 791 fingerprint was comprised of one major amplicon at 1000 bp, and two 
additional amplicons larger than 500 bp.  Xanthomonas perforans 1229 (tomato race 3) 
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and tomato race 4 (strain 4B) had similar fingerprint patterns, consisting of three 
amplicons between 1650 and 2000 bp, one major amplicon at 1000 bp, one between 500 
and 650 bp, and one between 400 and 500 bp. The fingerprint of X. perforans 4B 
contained two more amplicons than that of the X. perforans 1229: one at approximately 
1550 bp and one at approximate 250 bp. The X. gardneri fingerprint pattern included five 
distinct amplicons at 1000 bp, 850 bp, 650 bp, 300 bp and between 200 bp and 300 bp. 
Ninety-nine percent (237 of 240) of strains collected in the present survey fit the profile 
of one of the reference strains. No sequence was amplified from the negative controls. 
From 2010-2013, 240 strains were recovered from the samples collected from 
processing (169) and fresh market tomatoes (45) and peppers (26) with bacterial spot-
like symptoms (Table 2.1, 2.2 and 2.3). Among the 169 Xanthomonas strains that were 
recovered from processing tomatoes in seven counties in Northwest Ohio and Lenawee 
County in Michigan (Table 2.1, Fig. 2.2A), 121 (72%), 35 (21%), and 11 (7%) were X. 
gardneri, X. perforans, and X. euvesicatoria, respectively (Table 2.1). Xanthomonas 
gardneri was the predominant species in all eight counties on processing tomatoes, 
among which Ottawa, Fulton, and Wood counties each yielded more than 80% X. gardneri 
strains. The second most abundant species in these counties was X. euvesicatoria, ranging 
from 8-14% of all strains. In Sandusky and Putnam counties, X. gardneri also 
predominated, with 74% and 68% of the total, respectively. However, X. perforans was 
the second-most abundant species in these two counties, with 17% and 32% of the total 
Xanthomonas strains isolated, respectively. In Lenawee County, Michigan, 62% of the 
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total strains recovered were X. gardneri, while X. perforans was the second-most 
abundant with 19% of the total strains. Only four strains were recovered from Henry 
County, all of which were X. gardneri. One X. perforans and one X. gardneri were 
recovered from Ottawa County (Table 2.1, Fig. 2.2A).  
Fresh market tomato samples were collected from seven Ohio counties, including 
five in northern and two in southern regions of the state (Table 2.2, Fig. 2.2B). Twenty-six 
(58%) of the 45 strains isolated from fresh market tomatoes were X. gardneri, 16 (36%) 
were X. perforans, and two (4%) were X. euvesicatoria (Table 2.2). One strain from Wayne 
County did not fit any of the reference strain patterns. Xanthomonas gardneri strains 
predominated in Wayne, Geauga and Highland counties with 90%, 80%, and 100% share, 
respectively, followed by X. perforans with 5%, 20%, and 0% of the total strains, 
respectively. Only two strains each were isolated from Medina and Highland counties. All 
were confirmed to be X. gardneri (Fig. 2.2B). In Seneca County, the most abundant strains 
were X. perforans, with 90% of the total 10 strains. Of the three strains recovered from 
Washington County, two were X. perforans, and the remaining one was X. euvesicatoria. 
The single strain isolated from fresh market tomato in Huron County was X. perforans 
(Table 2.2, Fig. 2.2C).  
Among the 26 strains collected from pepper across eight northern Ohio counties, 
19 (73%) were X. euvesicatoria, six (15%) were X. gardneri and one (4%) was X. perforans 
(Table 2.3). The number of strains collected from each county was low. In Geauga, 
Mahoning, Ashland, Erie, Huron, and Sandusky counties, the number of strains collected 
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from pepper ranged from one to five. All the strains collected from these counties were 
X. euvesicatoria (Table 2.3, Fig. 2.2C). Xanthomonas euvesicatoria also predominated in 
Seneca County with seven out of eight strains collected there. The remaining one strain 
was X. perforans. In Wayne County, three of the five strains collected were X. gardneri, 
the remaining two strains were X. euvesicatoria. The only two strains isolated from 
pepper in Geauga County were both X. gardneri (Table 2.3, Fig. 2.2C). 
Logistic regression analyses revealed that the odds of a particular Xanthomonas 
sp. (X. euvesicatoria, X. perforans, or X. gardneri) being isolated were highly associated 
with different host types with probability values of 0.0001, 0.0161, and 0.0001, 
respectively (Table 2.5). The odds of the finding X. gardneri in processing and in fresh 
market tomato were 8.4 (P < 0.0001) and 4.56 (P = 0.0062) times greater than in pepper, 
respectively (Table 2.6). The probability of detecting X. gardneri in processing tomato was 
not significantly different from detecting this species in fresh market tomato (P = 0.0781). 
For X. perforans strains, the odds ratio of finding it on processing tomato relative to fresh 
market tomato was 0.47 with a P-value at 0.0403. The chance of finding X. perforans in 
fresh market tomato was 13.79 times greater than in pepper with a P-value at 0.0139 
(Table 2.6). The odds of finding X. perforans in processing tomato was significantly 
different than in pepper (P = 0.0705). The odds of X. euvesicatoria being present in 
processing tomato were not significantly different from those in fresh market tomato (P 
= 0.6086). The odds ratios of the presence X. euvesicatoria on processing and fresh market 
tomato were 0.03, and 0.02 relative to that on pepper, respectively (Table 2.6). In other 
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words, the chance of finding X. euvesicatoria strains in pepper was 33 and 50 times 
greater than finding it in processing and fresh market tomato, respectively.  
The frequency of isolation of X. perforans strains from processing tomato samples 
with BLS disease varied significantly based on the three seed producers (P = 0.0492, Table 
2.7). The chance that X. perforans would be present in processing tomato from A was 5.38 
times higher than from B (P = 0.0143). The odds ratio of X. perforans being presence 
between A and C, or between B and C were not significantly different (P = 0.0617, P = 
0.0532, Table 2.8). The probability that X. euvesicatoria and X. gardneri would be present 
did not differ among the producers (Table 2.7). Differences in the probabilities that a 
particular Xanthomonas spp. would be present in a particular county were not evident 
based on logistic regression analyses. The probability of finding X. euvesicatoria (P = 
0.6880), X. perforans (P = 0.0514), or X. gardneri (P = 0.0693) did not differ significantly 
between the Northwestern and Northeastern counties. 
 
Profiling historic Xanthomonas spp. from tomato 
All four Xanthomonas species associated with the tomato BLS complex were 
identified among the 22 T2 strains collected from tomato in Ohio previously and identified 
as putative X. vesicatoria (Sahin and Miller, 1996). Among the 22 strains, three were X. 
euvesicatoria, 10 were X. vesicatoria, four were X. gardneri, and two were X. perforans. 
The BOX-PCR profiles of remaining three strains did not match those of any of the 
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reference strains. Based on the previous pathogenicity differential analysis, all four of the 
tomato strains designated pepper race 4 were confirmed to be X. gardneri. Among the six 
tomato strains designated pepper race 6, two were X. euvesicatoria, three were X. 
vesicatoria, and one was X. perforans. The one tomato strain that was designated pepper 
race 3 fell into the unidentified group. 
 
 
 
Multiplex PCR assay for Xanthomonas spp. identification 
Amplicons were generated by multiplex PCR for most of the 52 strains tested, 
regardless of the use of extracted bacterial DNA or whole bacterial cells as templates. 
Xanthomonas spp. identification was the same with multiplex PCR and BOX-PCR for 40 
strains. However, no DNA amplicons were observed for ten of 17 X. perforans and two of 
31 X. gardneri strains with either template type. 
 
Sensitivity of Xanthomonas strains to copper and streptomycin 
All Xanthomonas strains tested grew on media not amended with copper or 
streptomycin. Of all strains collected in this survey, 98%, 68% and 4% were insensitive to 
30, 100, and 200 μg/ml copper sulfate, respectively (Fig. 2.3). Only 37% of the strains were 
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insensitive to 20 μg/ml and 36% were insensitive to 200 μg/ml streptomycin sulfate. 
Among the three Xanthomonas species recovered in this survey, 88% of X. euvesicatoria 
strains were insensitive to 30 μg/ml copper sulfate while 98% and 100% of X. perforans 
and X. gardneri strains, respectively, grew on 30 μg/ml copper sulfate. The percentage of 
strains insensitive to 100 μg/ml copper sulfate was 44%, 81%, and 60% for X. 
euvesicatoria, X. perforans, and X. gardneri. At a copper sulfate concentration of 200 
μg/ml, 6% of X. euvesicatoria, 6% of X. perforans and 3% of X. gardneri were insensitive 
(Fig. 2.3). The percentage of X. euvesicatoria strains insensitive to 20 and 200 μg/ml 
streptomycin sulfate were both 19%. For X. perforans strains, 19% and 16% were 
insensitive to 20 and 200 μg/ml streptomycin sulfate, respectively. Finally, 49% and 48% 
of X. gardneri strains were insensitive to 20 and 200 μg/ml streptomycin sulfate, 
respectively (Table 2.1, Fig. 2.3). 
 Seventy-eight percent (132/169) of Xanthomonas strains recovered from 
processing tomatoes in eight Ohio counties were insensitive to up to 100 μg/ml copper 
sulfate (Table 2.1). In six of the eight counties, almost 100% of the strains were insensitive 
to 100 μg/ml copper sulfate. But in Putnam and Wood counties, only about half of the 
strains were insensitive to this concentration of copper sulfate (Fig. 2.4). Xanthomonas 
strains highly insensitive to copper sulfate (200 μg/ml) were found in Erie, Henry, Ottawa, 
Putnam, and Wood counties (Fig. 2.4). Strains from fresh market tomatoes and peppers 
collected in this study were more sensitive than the processing tomato strains to copper; 
100% of the strains grew on medium amended with 30 µg/ml copper sulfate, and 27% 
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(12/45) grew on 100 µg/ml copper sulfate (Table 2.2). Fresh market tomato strains 
collected in Geauga, Huron, Seneca and Washington counties were insensitive to 100 
µg/ml copper sulfate. A high proportion (seven of eight) of Xanthomonas strains collected 
from Seneca County were insensitive to 100 µg/ml copper sulfate (Table 2.2).  However, 
no strain from fresh market tomatoes was insensitive to 200 µg/ml copper sulfate (Table 
2.2, Fig. 2.4). The copper sensitivity profile of strains from peppers was similar to that of 
strains from fresh market tomatoes: 85% (22/26) Xanthomonas strains were insensitive 
to 30 µg/ml copper sulfate, while several additional strains from Erie (five strains) and 
Huron counties (two strains) were moderately insensitive (100 µg/ml copper sulfate).  
Two pepper strains from Erie County were highly insensitive to copper (200 μg/ml, Table 
2.3). Xanthomonas strains insensitive to streptomycin were recovered frequently from 
processing tomatoes in Fulton, Henry, Ottawa, Sandusky, and Wood counties in Ohio, and 
Lenawee County in Michigan; 55% of the strains from processing tomatoes were 
insensitive to streptomycin sulfate at 200 µg/ml. However, among the 54 Xanthomonas 
strains collected from processing tomatoes in Putnam County, only 18% and 13% were 
insensitive to streptomycin at 20 and 200 μg/ml, respectively (Fig. 2.4). The only two 
strains collected from processing tomatoes in Erie County were streptomycin-insensitive 
(Fig. 2.8). Streptomycin insensitivity was not common among Xanthomonas strains 
isolated from fresh market tomatoes and peppers. Only one strain from fresh market 
tomatoes in Seneca County was insensitive to streptomycin sulfate at 200 μg/ml (Table 
2.2), and no pepper strains were insensitive to streptomycin (Table 2.3).  
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 Associations between the probability of sensitivity to 100 μg/ml copper sulfate, 
and 20 and 200 μg/ml streptomycin sulfate and Xanthomonas species were significant as 
estimated in a logistic regression model with P-values at 0.0005, 0.0001 and 0.0001, 
respectively (Table 2.9). An association between the probability of sensitivity of 
Xanthomonas strains to 100 μg/ml copper sulfate and host type was also observed (P < 
0.0001). Interactions between host type and Xanthomonas species were not significant 
(Table 2.9). The odds of X. euvesicatoria being insensitive to 100 μg/ml copper sulfate 
were 0.15 proportional to the odds of X. perforans being insensitive to 100 μg/ml copper 
sulfate (P = 0.0140), and were 0.11 (1/9.11, P < 0.0001) proportional to the odds of X. 
gardneri being insensitive to the same concentration of copper sulfate (Table 2.10). 
However, X. euvesicatoria was not more likely than X. gardneri to be insensitive to 100 
μg/ml copper sulfate (P = 0.5820, Table 2.10). Xanthomonas gardneri was 4.35 times 
more likely than X. perforans to be insensitive to 20 and 200 μg/ml streptomycin sulfate 
(1/0.23, P-values at 0.0021 and 0.0025, respectively), 3.85 times more likely to be 
insensitive to 20 μg/ml streptomycin sulfate (1/0.26, P = 0.0004), and 4.76 times more 
likely to be insensitive to 200 μg/ml streptomycin sulfate (1/0.21, P = 0.0001) than X. 
euvesicatoria.  Xanthomonas euvesicatoria was not more likely than X. perforans to be 
insensitive to 20 and 200 μg/ml streptomycin sulfate, with P-values at 0.7901 and 0.8670, 
respectively (Table 2.10). Xanthomonas strains isolated from processing tomatoes were 
20.23 times more likely to be insensitive to 100 μg/ml copper sulfate than those isolated 
from fresh market tomatoes (P < 0.0001), and 10.11 times more likely to be insensitive to 
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copper sulfate at this concentration than strains isolated from peppers (P = 0.0003). 
However, Xanthomonas strains isolated from fresh market tomatoes were not more likely 
to be insensitive to 100 μg/ml copper sulfate than those isolated from peppers (P-value, 
Table 2.10). 
 Logistic regression analyses of the strains collected from two designated regions 
(the Northwestern and Northeastern counties) showed significant differences in strains 
insensitive to 100 μg/ml (P < 0.0001, Table 2.9). The odds of finding strains insensitive to 
100 μg/ml in the Northwestern counties was 51 times higher than in the Northeastern 
counties. Therefore, a logistic regression analyses as in equation 2.2 on the association 
between the hosts, species, their interaction and copper insensitivity at 100 μg/ml was 
conducted on strains from the Northwestern counties. Significant differences were 
detected only among the hosts (P =0.0412). The odds of finding strains insensitive to 100 
μg/ml copper in processing tomatoes were 15 times higher than that in peppers (P = 
0.0222, Table 2.11). The odds between peppers and fresh market tomatoes (P = 0.2419) 
and between processing and fresh market tomatoes (P = 0.1998) were not significantly 
different (Table 2.11). 
   
Longevity of X. gardneri in soil 
Rifampicin-resistant X. gardneri (SM174rifR) was isolated from tomato samples at 
the initiation of the experiment. The initial X. gardneri populations were (1.6 ± 0.2) × 106 
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CFU/g in stem tissue and (2.0 ± 0.9) × 104 CFU/g in fruit tissue.  However, X. gardneri was 
not recovered 6 or 12 months after samples were buried in soil in any of the three soil 
types. After 6 months in soil, only epidermal tissue and seeds remained from fruit tissue 
and lesions could not be identified in the remaining epidermal tissue. Many seeds had 
germinated with long embryonic roots, but no hypocotyl or cotyledon was observed. 
Stems were desiccated and the epidermal tissues were rotted. After 12 months in soil, 
the stem tissues were further decomposed, fruit epidermal tissues were shredded, and 
the germinated seeds and their embryonic roots were dried and shrunken.  
Average soil temperatures at 10 cm depth from the two locations were similar for 
the period of sample incubation in soil (Fig. 2.5y). The temperature dropped from 20°C in 
October to nearly 0°C in mid-January, then leveled out from mid-January to late-March. 
From late-March to June, the temperature rose from nearly 0°C to 20°C. The average soil 
temperature remained above 20°C between June and September, then started to drop in 
October. 
 
Discussion 
The present survey of Xanthomonas strains associated with BLS of processing 
tomato, fresh market tomato, and pepper was conducted over 4 years across 16 counties 
in Ohio and one county in Michigan. Three of the four known BLS-associated 
phytopathogenic Xanthomonas species were present in Ohio and Lenawee County, 
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Michigan. Xanthomonas gardneri was the predominant strain in processing and fresh 
market tomatoes in Ohio and in processing tomatoes in Lenawee County, Michigan. The 
same species was reported previously in the North American Great Lakes Region, 
specifically in Pennsylvania and Ontario, Canada, which led to the hypothesis that X. 
gardneri may be adapted to cooler regions (Kim et al., 2010; Cuppels et al., 2006). In a 
previous study, X. gardneri induced more bacterial spots in tomatoes incubated at 20°C 
compared to the spots caused by the other three Xanthomonas spp. associated with BLS 
disease (Araujo et al. 2010). The preference for cooler temperatures by X. gardneri may 
be associated with specific effectors. Next generation sequencing of the whole genome 
has shown that X. gardneri shares a suite of type III effectors possessed by Pseudomonas 
syringae, another phytobacterium favored by cool climates (Potnis et al., 2011). These 
effectors have not been observed in other Xanthomonas spp. causing BLS (Potnis et al., 
2015).  Phylogenetic analyses based on whole genome and pathogenicity clusters show 
that X. gardneri is more phylogenetically related to X. campestris pv. campestris than to 
the other three Xanthomonas species associated with BLS (Potnis et al., 2011). 
Xanthomonas gardneri may have obtained these unique effectors by horizontal gene 
transfer (Potnis et al., 2011 and 2015). Interestingly, the X. gardneri strains that are 
distributed globally are highly homogeneous regardless of the time and location they 
were isolated (Timilsina et al., 2015). Recent dispersal of X. gardneri may be related to 
the worldwide seed trade. 
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Xanthomonas perforans was the second-most abundant species causing BLS in 
processing and fresh market tomatoes in this survey. However, X. perforans was twice 
more likely to be found in fresh market tomato than in processing tomato and 14 times 
more likely than in pepper. The recent increase of X. perforans strains in southern Ontario 
(Abbasi et al., 2015) aroused concerns about the invasion of this species into cooler 
temperate processing tomato regions. Bacteriocin production is unique to X. perforans 
strains and it has been suggested to have had an important role in X. perforans replacing 
X. euvesicatoria in Florida (Potnis et al., 2011; Hert et al., 2005 and 2009a). A disarmed X. 
perforans that produces bacteriocin can reduce the growth of X. euvesicatoria in the lab 
and the field (Hert et al., 2009a, 2009b). But little is known about the interaction between 
X. euvesicatoria and X. gardneri. The potential for a X. perforans outbreak in the Midwest 
needs to be studied. In this study, the probability of the presence of X. perforans in 
processing tomatoes from one seed producer was higher than from another seed 
producer. This phenomenon could be associated with Xanthomonas spp. predominance 
in different seed production areas. Seedling producers may have multiple production 
regions. There may be species differences between seed production regions of the same 
seed producer. Other confounding factors may contribute to these associations, including 
greenhouse seedling production practices and producers’ cultivar preferences. However, 
our data had incomplete information on seedling production greenhouses which made it 
difficult to draw conclusions. The odds of finding one Xanthomonas spp. in Northwestern 
and Northeastern Ohio did not differ significantly. The limited samples from fresh market 
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tomatoes suggested differences in pathogen species profiles between the two regions, 
which may be influenced by regional growing practices. More fresh market tomato 
samples are needed to draw conclusions on the effects of regional growing practices on 
pathogen species profiles. 
Xanthomonas euvesicatoria remained the predominant species recovered from 
pepper samples as observed in a survey in Ohio between 1993 and 1994 (Sahin and Miller, 
1996). However, X. euvesicatoria was uncommon in processing and fresh market 
tomatoes in this survey. In Florida, despite the prevalence of X. perforans in tomato crops 
for the last decades, it has been found only recently to induce disease in pepper (Potnis 
et al., 2015). One reason for the different Xanthomonas species associations between 
pepper and tomato could be that the predominant Xanthomonas species may be different 
in tomato and pepper seed production regions. Another could be related to the 
differences in BLS-resistance genes possessed by tomato and pepper. Pepper has a 
different and larger suite of known resistance genes than tomato (Stall et al., 2009). The 
R genes in peppers used in breeding programs are Bs1, Bs2, Bs3, Bs4, Bs5, Bs6, Bs7 and 
BsT. Only Bs4 was shared with some cultivars of tomatoes (Stall et al., 2009; Potnis et al., 
2012). Xanthomonas gardneri possesses putative avrBs1 gene, avrBs3-like effector, and a 
novel avrBs7 effector, which may contribute to more severe symptoms in compatible 
hosts but could incite hypersensitive reactions in pepper cultivars that contain Bs1, Bs3 
and Bs7 gene (Schornack et al., 2008; Potnis et al., 2011 and 2012). The known R genes in 
tomatoes are rx1, rx2, rx3 in H7998, inciting a hypersensitive reaction against tomato race 
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1 strains, Xv3 in H7981, which may be the same or allelic to rx4 in PI128216 conferring 
resistance against tomato race 3, and Xv4 in LA719 against T4 strains (Stall et al., 2009).  
Re-examination of a previous Ohio collection of Xanthomonas tomato race 2 (T2) 
strains indicated that these strains are a heterogeneous group containing all four 
Xanthomonas species. Race T2 strains are the Xanthomonas strains that exhibit 
compatible reactions to all tomato varieties within the tomato differential lines. A 
research prior to the discovery of X. perforans tomato race 4 (T4) in Ohio was carried out 
with H7998, H7981 (OH8245), and PI128216; the differential line LA716 with the Xv4 gene 
was not included in the survey (Sahin, 1997). It is very possible that some X. perforans T4 
strains were mis-classified as T2. Xanthomonas gardneri may have also been 
characterized as a T2 race, because its reactions towards differential tomato lines are 
compatible (Bouzar et al., 2004). Therefore, it is not surprising to find that the previously 
characterized T2 strains in Ohio were a heterogeneous group containing X. perforans and 
X. gardneri. Another reason for the heterogeneity in the T2 strain group is the plasticity 
of bacterial genome (Darmon and Leach, 2014). Jibrin et al. (2015) reported an atypical 
Xanthomonas strain from Nigeria. This strain was classified as tomato race 3 (T3, X. 
perforans) in hypersensitive reaction, and its partial hrpB2 sequence is more related to X. 
perforans than to X. euvesicatoria. However, multilocus sequence analysis (MLSA) of the 
six housekeeping genes concluded that this strain was more phylogenetically related to 
X. euvesicatoria than to X. perforans (Jibrin et al., 2015). Recently collected X. perforans 
tomato race 4 strains in Florida contained some of the housekeeping genes from X. 
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euvesicatoria, which indicated that chromosomal gene recombination among 
Xanthomonas spp. occurred during competition in the monocrop system (Timilsina et al., 
2015). In addition, high geographic diversity among the housekeeping genes across X. 
vesicatoria strains was also observed (Hamza et al., 2010; Timilsina et al., 2015). 
Potentially, the losses of an avr gene of a Xanthomonas strain in other races could 
transform it into a T2 strain. These findings suggested the previous results of race 
characterization of Xanthomonas spp. based on one gene presence/absence or one gene 
sequence variation may not perfectly match the differentiation of Xanthomonas species.  
BOX elements, including BOXA, BOXB, and BOXC subunits, are palindromic 
intergenic repetitive DNA consensus sequences that were first discovered in Gram-
positive Streptococcus pneumoniae (Martin et al., 1992). Among the BOX elements, only 
BOXA was found to be conserved among many bacterial strains (Versalovic et al., 1994). 
The DNA sequence lengths separated by intergenic repetitive sequences vary among 
different bacterial strains. BOX polymerase chain reaction (BOX PCR) utilizes primers 
complimentary to the palindromic BOX element sequence to produce bacterial genomic 
fingerprints (Versalovic et al., 1994). Louws et al. (1994) reported that BOX-PCR provided 
enough resolution to distinguish closely related Xanthomonas strains. By comparing the 
repetitive PCR to DNA-DNA hybridization results, Rademaker et al. (2000) further justified 
the use of repetitive-PCR, including BOX-PCR as a rapid screening technique to 
discriminate strains of Xanthomonas species. In our results, BOX-PCR also showed 
adequate discriminatory power to separate the species present in Ohio. Only three of the 
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260 Xanthomonas strains collected in the present survey did not match the reference 
strain profiles. The protocol for BOX-PCR is relatively convenient and low cost relative to 
MLSA. However, the resulting gel images of BOX and other Rep PCR assays lack 
reproducibility due to different DNA qualities, gel qualities, thermal cycler models and 
staining techniques, which makes inter-lab comparison of BOX-PCR results unreliable. 
Another disadvantage of BOX-PCR and other Rep PCR assays is that they only distinguish 
unknown strains that are closely related to reference strains. Fingerprint patterns of 
unknown strains that do not fit those of any reference strain must be tested with other 
techniques with equivalent or higher resolution. In this study, a recently published 
multiplex PCR assay was not reliable when used to detect X. perforans strains. The reason 
could be poor binding efficiency of the consensus primers specific to X. perforans, which 
could be improved by redesigning the primers.  Or it could be the result of the genomic 
diversity among the X. perforans strains (Timilsina et al., 2015). Two bacterial typing 
techniques may replace Rep-PCR for better resolution and comparability. Recently a large 
number of Xanthomonas strains pathogenic to tomato and pepper were subject to MLSA 
based on six housekeeping genes (Kebede et al., 2014; Timilsina et al., 2015), which 
contributed to a high resolution, comparable phylogeny of Xanthomonas spp. pathogenic 
to tomato and pepper. The other is multilocus variable-number tandem-repeat (VNTR) 
analysis. VNTR is another innovative method, focusing on the genomic structural tandem 
repeats, that has been used for bacterial phylogenetic studies of Pseudomonas syringe 
pv. maculicola, P. syringe pv. tomato, X. oryzae pv. orizicola, X. citri pv. citri and X. 
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arboricola pv. pruni at the sub-pathovar level (Gironde and Manceau, 2012; Zhao et al., 
2012; Pothier et al., 2011). However, this technique has not been used for typing of 
Xanthomonas pathogenic to tomato and pepper to date. The results of both techniques 
are DNA sequence data that can be added to open databases for global comparison. 
Copper has been used for BLS management since the earliest days of its 
introduction (Higgins, 1922), and became inefficient due to the proliferation of copper 
insensitivity in Xanthomonas (Marco and Stall, 1983; Martin et al., 2004). We found that 
the proportion of copper- and streptomycin-insensitive strains has increased in Ohio since 
the last survey in 1996. In the previous survey, only 33% of the strains tested were 
insensitive to 100 μg/ml copper sulfate, and 14% were insensitive to 20 μg/ml 
streptomycin sulfate (Sahin, 1997). Bacteria absorb copper from the environment as a 
micronutrient. In high copper environments, bacteria reduce copper transportation in its 
system and increase copper efflux by regulating the expression of certain genes 
(Cervantes and Gutierrez-Corona, 1994). We observed that X. perforans strains and 
processing tomatoes were highly associated with copper insensitivity. In the 
Northwestern Ohio counties, odds were higher that Xanthomonas spp. strains would be 
insensitive to copper than in the Northeastern counties; Cooper-insensitive strains were 
also more likely in processing tomato than in pepper. The spread of copper insensitivity 
among Xanthomonas strains isolated from processing tomatoes was expected due to the 
intensive use of copper bactericides. However, differences in copper insensitivity 
between processing tomato and fresh market tomato were not observed among the 
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strains isolated from the Northwestern counties. This phenomenon may suggest 
differences in disease management practices among the fresh market growers from the 
Northwestern and the Northeastern counties. Streptomycin insensitivity has been 
noticed since the 1960s in Xanthomonas spp. (Thayer and Stall, 1961; Stall and Thayer, 
1962). Insensitivity to streptomycin is conferred by mutations affecting the binding site 
of the antibiotic, or by producing enzymes to inactivate it (Sundin and Bender, 1995, 
McManus and Stockwell, 2000). We observed that the probability of X. gardneri strains 
being insensitive to streptomycin was higher than that of strains of the other two species. 
It suggests that X. gardneri may be better adapted to a streptomycin environment than 
other species. Streptomycin insensitivity can be transferred from insensitive strains to 
sensitive strains by plasmids in conjugation events. Upon acquisition, streptomycin 
insensitivity can persist a very long time without selection pressure (Moller et al., 1981). 
Although streptomycin is not used in field management to control BLS, it is used for fire 
blight control in apple and pear. Therefore, X. gardneri may acquire and inherit 
streptomycin insensitivity from other bacteria that have been exposed to streptomycin, 
or may mutate to become insensitive to streptomycin during seedling treatment in the 
greenhouse.  
The viable-but-nonculturable (VBNC) state is a term to describe a low metabolizing 
status of bacteria, which is induced in response to environmental stress (Oliver 2010). In 
this status, a small portion of the bacteria exposed to environmental stress could retain 
its viability and virulence by turning down its metabolic activities, and no longer grow on 
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its regular medium (Oliver, 2000; Oliver, 2010). Its virulence and other metabolic activities 
could be resuscitated under a less stressful environment (Sun, et al., 2008). Therefore, 
the actual chemical insensitivity rate is potentially higher than the medium culturing 
result indicated. Future research on copper sensitivity could incorporate techniques, such 
as live-cell staining, and/or quantitative reverse-transcript PCR assays of the known 
mRNAs that are expressed in the VBNC state to compliment the current results. 
In our survey, all three species of Xanthomonas (X. euvesicatoria, X. perforans and 
X. gardneri) were isolated from atypical large, deep lesions on processing tomato fruits. 
The earliest X. gardneri strains found in Ohio date back to at least 1996, one year after X. 
gardneri was found in Pennsylvania (Sahin, 1997; Kim et al., 2010). Therefore, the 
appearance of atypical deep lesions in Ohio in about 2009 may not be correlated the 
emergence of X. gardneri in processing tomatoes.  Although this type of deep lesion was 
new to Ohio growers, Gardner and Kendrick (1921) described very similar symptoms on 
tomatoes in Indiana nearly 100 years ago. They described bacterial spot lesions with a 
diameter of 6 to 8 mm that formed a crater with ruptured edges. Gardner and Kendrick 
suggested that the fruit symptoms could be associated with the activity of sucking insects 
such as stinkbugs (Heteroptera: Pantatomidae). They showed that the bacteria did not 
need to be inserted into the fruit by an insect’s proboscis to result in lesions; fresh 
punctures only were needed to allow bacteria to enter the apoplast. Aside from insect 
damage, they also suggested that stem-end cuticle rifts, broken trichomes, and minute 
cracks in the epidermis could serve as possible avenues of entry for the bacteria as well 
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(Gardner and Kendrick, 1923). Stinkbugs such as the one-spotted stink bug were present 
in Ohio before the large fruit lesions were observed in processing tomatoes in Northwest 
Ohio in 2010.  However, the aggressive brown marmorated stinkbug, which includes 
tomato as a host, appeared in Ohio in November 2007.  While it may be speculated that 
this pest may have a role in the appearance of deep lesions in tomato fruit in Northwest 
Ohio, no causative relationship has been demonstrated.    
The lignified tissue on the edges of large deep BLS lesions prevents the normal 
peeling process during tomato processing. Tomato processors may need to examine the 
peeling process to circumvent this issue. Peeling a tomato during processing involves 
separation of the exocarp from the mesocarp. In the process of automated peeling, 
processing tomato fruits are first exposed to lye solution, which dissolves the wax and 
cuticle on fruit surface and infiltrates the exocarp (Floros et al., 1987). Exocarp consists of 
one layer of small epidermal cells and three layers of flat hypoepidermal cells. Beneath 
the hypoepidermis is mesocarp that consists of large thin-walled cells. In contact with lye, 
the pectin and lamella in cell wall are degraded. The separation is supposed to occur 
between hypoepidermal layer and the mesocarp, where the cell wall is suddenly much 
thinner than that in the exocarp (Floros et al., 1987). In the sunken center of the bacterial 
lesion, exocarp cells and some mesocarp cell are killed and disintegrated. On the lesion 
edge, the infected tissue is raised and lignified, which adheres the exocarp to the 
mesocarp tissue and makes them difficult to separate mechanically. Floros et al. (1987) 
suggested that the peeling depth is proportional to the lye concentration and treatment 
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time. A fine adjustment of the lye concentration during treatment may remove large 
lesions from tomato fruits. Future study on the bacterial modes of entry and the fruit 
peeling mechanism may help reduce fruit losses caused by the deep large lesions. 
Phytopathogenic bacteria are not strong competitors in soil compared to soil 
saprophytes. They rely on harboring in plant residue that is not decomposed by soil 
microorganisms. We observed that X. gardneri did not survive 6 months in fruits and 
fragmented stems at 15 cm depth in the soil. Peterson (1963) determined that BLS causing 
Xanthomonas on tomato alone or harbored in leaves could survive less than 2 weeks in 
soil in a controlled environment at 25°C. Xanthomonas in fragmented stems survived up 
to 7 weeks in the same in environment. But tomato stems remaining in the field in Indiana 
housed the pathogen up to 10 months (Peterson, 1963). In Florida, Xanthomonas spp. on 
tomato could be detected in buried tissue after 6 months of overwintering, but 
Xanthomonas from the samples buried in June survived only 6 weeks due to high soil 
temperatures in summer (Jones et al., 1986). Bashan et al. (1982) found that 
Xanthomonas could survive longer than 18 months in infested pepper seeds, pepper roots 
and soil in a sealed glass box in the field. Another avenue phytopathogenic bacteria take 
to survive in the soil is to attach themselves to the living rhizosphere of host or nonhost 
plants including overwintering crops and weeds (Leben, 1981). Xanthomonas spp. 
pathogenic to tomatoes were reported to overwinter in wheat (Triticum spp.) roots 
(Schuster and Coyne, 1974; Diachun and Valleau, 1946). In addition to wheat, Bashan et 
al. (1982) found that Xanthomonas could survive in the rhizosphere of sorghum (Sorghum 
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bicolor), cucumber (Cucumis saltivas), bean (Phaseolus vulgaris) and pea (Pisum sativum). 
The decrease of pathogen populations in plant residue is related to the activity of soil 
organisms. High soil temperature, high soil moist, high nitrogen, organic matter, finer 
residue fragmentation, and better soil-debris contact are factors that may encourage 
activity of soil organisms (Peterson, 1963; Schuster and Coyne, 1974; Leben, 1981). Early 
field disking and amending soil with nitrogen fertilizer after harvesting may encourage 
the decomposition of tomato debris. At least a 1-year rotation was recommended for 
tomato, but kept away from wheat, sorghum, bean, pea, and pepper to reduce soil 
Xanthomonas populations associated with the rhizosphere. Volunteer plants growing in 
fields where the Xanthomonas pathogen was present were found to be infected with 
Xanthomonas (Gardner and Kendrick, 1923; Jones et al., 1986). If the tomatoes were left 
on soil surface untended, its seeds make germinate into volunteer plants. Therefore, 
removal of volunteers was also recommended in Ohio processing tomato fields to prevent 
BLS. 
In conclusion, the current BLS management program in processing and fresh 
market tomatoes in Ohio should focus on X. gardneri, due to its predominance in the cool 
area.  We should monitor the spread of X. perforans in processing and fresh market 
tomatoes. Copper and streptomycin insensitivity has increased since the previous survey. 
Therefore, repeated use of copper products in controlling bacterial leaf spot in the 
Midwest should be re-assessed. More alternative bactericides and plant activators should 
be investigated for management of BLS under greenhouse and field conditions.  
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Table 2.1. Distribution and insensitivity to copper sulfate and streptomycin sulfate of 
Xanthomonas spp. associated with bacterial leaf spot of processing tomato in northwest 
Ohio and one Michigan county 
a Number of strains of Xanthomonas spp. growing on media amended with copper 
sulfate or streptomycin sulfate. Cu = copper sulfate. Strp = streptomycin sulfate.  
b Lenawee County, Michigan 
c NA = county information is not available. 
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2010 Fulton 2 1 … … 6 … 7 7 7 … 7 7 
  Lenaweeb 6 2 … 4 13 2 21 21 21 … 15 15 
  Ottawa 7 2 … … 15 … 17 17 17 … 17 17 
  Sandusky 4 2 … … 14 … 16 16 15 … 14 14 
  NAc 11 3 … 4 14 … 21 21 15 … 9 9 
2011 Henry 2 … … … 4 … 4 4 4 1 4 4 
  Ottawa 1 … … 1 … … 1 1 1 … … … 
  Putnam 14 … … 12 29 … 41 41 18 1 6 4 
  Sandusky 1 … … 1 … … 1 1 1 … 1 1 
  Wood 2 … … … 5 … 5 5 4 1 4 4 
  NA 3 … … 1 2 … 3 3 2 1 1 1 
2012 Ottawa 1 … … … 1 … 1 1 1 1 … … 
  Putnam 10 … … 7 6 … 13 13 12 … 4 3 
  Sandusky 2 … … 1 2 … 3 3 3 … 3 3 
  Wood 1 … … … 3 … 3 3 … … … … 
  NA 2 … … … 2 … 2 2 2 … 2 2 
2013 Erie 2 … … 1 1 … 2 2 2 1 … … 
  Sandusky 3 … … 2 1 … 3 3 3 … 2 2 
  Wood 4 1 … … 3 … 4 4 3 1 3 3 
  NA 1 … … 1 … … 1 1 1 … 1 1 
Total   79 11 0 35 121 2 169 169 132 7 93 90 
%     7 0 21 72 1   100 78 4 55 53 
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Table 2.2. Distribution and insensitivity to copper sulfate and streptomycin sulfate of 
Xanthomonas spp. associated with bacterial leaf spot of fresh market tomato in Ohio 
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2011 Seneca 1 … … 2 … … 2 2 … … 1 1 
  Wayne 2 1 … … 1 … 2 2 … … … … 
  NAb 2 … … 1 1 … 2 2 … … … … 
2012 Geauga 4 … … 1 4 … 5 5 1 … … … 
  Seneca 7 … … 7 1 … 8 8 7 … … … 
  Wayne 7 … … 1 10 … 11 11 1 … … … 
2013 Highland 2 … … … 2 … 2 2 … … … … 
  Huron 1 … … 1 … … 1 1 1 … … … 
  Medina 1 … … … 2 … 2 2 … … … … 
  Washington 3 1 … 2 … … 3 3 2 … … … 
  Wayne 6 … … 1 5 1 7 7 … … … … 
Total   36 2 0 16 26 1 45 45 12 0 1 1 
%     4 0 36 58 2   100 27 0 2 2 
a Number of strains of Xanthomonas spp. growing on media amended with copper 
sulfate or streptomycin sulfate. Cu = copper sulfate. Strp = streptomycin sulfate.  
b NA = the county information is not available. 
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Table 2.3. Distribution and insensitivity to copper sulfate and streptomycin sulfate of 
Xanthomonas spp. associated with bacterial leaf spot of pepper in Ohio 
      Xanthomonas spp. 
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2011 Seneca 1 … … 1 … … 1 1 … … … … 
  Wayne 1 1 … … … … 1 … … … … … 
2012 Geauga 2 … … … 2 … 2 2 … … … … 
  Mahoning 1 1 … … … … 1 1 … … … … 
  Seneca 2 2 … … … … 2 1 … … … … 
  NAb 1 1 … … … … 1 … … … … … 
2013 Ashland 1 1 … … … … 1 1 … … … … 
  Erie 3 5 … … … … 5 5 5 2 … … 
  Huron 2 2 … … … … 2 2 2 … … … 
  Sandusky 1 1 … … … … 1 1 … … … … 
  Seneca 3 5 … … … … 5 4 … … … … 
  Wayne 4 … … … 4 … 4 4 … … … … 
Total   22 19 0 1 6 0 26 22 7 2 0 0 
%     73 0 4 23 0   85 27 8 0 0 
a Number of strains of Xanthomonas spp. growing on media amended with copper 
sulfate or streptomycin sulfate. Cu = copper sulfate. Strp = streptomycin sulfate.  
b NA = the county information is not available. 
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Table 2.4. Contingency table of the association between Xanthomonas gardneri and 
hosts with bacterial leaf spot 
Host Present Absent Total 
Processing tomato 121 48 169 
Fresh market 
tomato 26 19 45 
Pepper 6 20 26 
Total 153 87 240 
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Table 2.5. Probability values from binary logistic regression analyses of the association of 
different hosts (fresh market tomato, processing tomato, pepper) with three species of 
Xanthomonas spp. based on a survey in 2010-2013 
 
 
  
   Response   
Predictor 
Xanthomonas 
euvesicatoria 
Xanthomonas 
perforans 
Xanthomonas 
gardneri 
Host 0.0001 0.0161 0.0001 
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Table 2.6. Odds ratios for categorical predictors from logistic regression analyses of the 
associations on bacterial leaf spot host and of Xanthomonas species on a survey 
conducted in 2010-2013 
SE = standard Error. CLL = lower confidence level. CLU = upper confidence level. P = 
probability value. 
  
Pathogen 
(response) Host (predictor) 
Odds 
ratio SE CLL CLU P 
Xanthomonas 
euvesicatoria 
Processing 
tomato vs 
Fresh 
market 
tomato 1.50 1.18 0.32 7.01 0.6086 
  
Processing 
tomato vs Pepper 0.03 0.01 0.01 0.07 <.0001 
  
 
Fresh market 
tomato vs Pepper 0.02 0.01 0.00 0.09 <.0001 
                  
Xanthomonas 
perforans 
Processing 
tomato vs 
Fresh 
market 
tomato 0.47 0.17 0.23 0.97 0.0403 
  
Processing 
tomato vs Pepper 6.53 6.77 0.85 49.84 0.0705 
  
 
Fresh market 
tomato vs Pepper 13.79 14.70 1.71 111.40 0.0139 
                  
Xanthomonas 
gardneri 
Processing 
tomato vs 
Fresh 
market 
tomato 1.84 0.64 0.93 3.63 0.0781 
  
Processing 
tomato vs Pepper 8.40 4.17 3.18 22.20 <.0001 
  
 
Fresh market 
tomato vs Pepper 4.56 2.53 1.54 13.53 0.0062 
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Table 2.7. Probability values from binary logistic regression analyses of the association of 
different cultivars and seed producers with three species of Xanthomonas based on a 
survey conducted on processing tomato in 2010-2013 
   Response   
Predictor 
Xanthomonas 
euvesicatoria 
Xanthomonas 
perforans 
Xanthomonas 
gardneri 
Seed producera nsb 0.0492 ns 
County ns ns ns 
a Three major seed producers with cultivars in this survey of processing tomatoes are 
coded as A, B and C 
b ns = not significant. Probability values less than α = 0.1 were considered not significant. 
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Table 2.8. Odds ratios for categorical predictors from logistic regression analyses of the 
associations of seed producers, and the presence of Xanthomonas perforans based on a 
survey of processing tomatoes conducted in 2010-2013 
Pathogen 
(response) 
Seed producer 
(predictor) 
Odds 
ratio SE CLL CLU P 
Xanthomonas 
perforans 
A vs B 5.38 3.69 1.40 20.67 0.0143 
A vs C 2.38 1.10 0.96 5.90 0.0617 
B vs C 0.44 0.19 0.19 1.01 0.0532 
Seed producers were coded as A, B and C. SE = standard Error. CLL = lower confidence 
level. CLU = upper confidence level. P = probability value. 
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Table 2.9. Probability values from binary logistic regression analyses of the association 
of different hosts, pathogen species, regions and Xanthomonas strains insensitive to 
copper sulfate and streptomycin sulfate based on a multi-year survey, 2010-2013 
     Responsea     
Predictor Cu30 Cu100 Cu200 Strp20 Strp200 
Hostb nsc <0.0001 ns ns ns 
Xanthomonas 
speciesd ns 0.0005 ns <0.0001 <0.0001 
Host*Species ns ns ns ns ns 
Regione ns <0.0010 ns ns ns 
b Hosts are processing tomato, fresh market tomato, and pepper. 
d Xanthomonas species found in the survey: X. euvesicatoria, X. perforans and X. 
gardneri. 
a Cu = copper sulfate. Strp = streptomycin sulfate. Numbers are chemical concentration 
in µg/ml.  
c ns = not significant.  Probability values less than α = 0.1 were considered as not 
significant. 
e Two regions were designated. Northwestern region includes Fulton, Henry, Putnam, 
Huron, Seneca, Erie, Wood, Sandusky, Ottawa counties in Ohio and Lenawee County in 
Michigan. Northeastern region includes Wayne, Medina, Ashland, Geauga, and 
Mahoning counties. Strains from these two regions were analyzed with binary logistic 
model in a separate logistic regression. 
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Table 2.10. Odds ratios for categorical predictors from logistic regression analyses of the 
associations of bacterial leaf spot host types, causal Xanthomonas species, and 
insensitivity to copper sulfate and streptomycin sulfate at a given level based on a multi-
year survey, 2010-2013 
Bactericide 
level 
(response) Predictor 
Odds 
ratio SE CLL CLU P 
  Host           
Copper sulfate 
(100 μg/ml) 
Processing 
tomato vs 
Fresh market 
tomato 20.23 10.52 7.30 56.07 <.0001 
  
Processing 
tomato vs Pepper 10.11 6.45 2.89 35.33 0.0003 
  
Fresh market 
tomato vs Pepper 0.50 0.38 0.11 2.25 0.3662 
  Xanthomonas spp.           
  X. euvesicatoria vs X. perforans 0.15 0.12 0.03 0.68 0.0140 
  X. perforans vs X. gardneri 9.11 5.18 2.99 27.74 <.0001 
  X. euvesicatoria vs X. gardneri 1.39 0.82 0.43 4.45 0.5820 
                  
Streptomycin 
sulfate (20  
μg/ml) 
Xanthomonas spp.           
X. euvesicatoria vs X. perforans 0.86 0.49 0.28 2.61 0.7901 
X. perforans vs X. gardneri 0.23 0.11 0.09 0.58 0.0021 
  X. euvesicatoria vs X. gardneri 0.26 0.10 0.13 0.55 0.0004 
                  
Streptomycin 
sulfate (200 
μg/ml) 
Xanthomonas spp.           
X. euvesicatoria vs X. perforans 1.10 0.64 0.35 3.45 0.8670 
X. perforans vs X. gardneri 0.23 0.11 0.09 0.60 0.0025 
  X. euvesicatoria vs X. gardneri 0.21 0.09 0.10 0.47 0.0001 
SE = standard Error. CLL = lower confidence level. CLU = upper confidence level. P = 
probability value. 
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Table 2.11. Odds ratios for categorical predictors from logistic regression analyses of the 
associations of bacterial leaf spot host types, and insensitivity to copper sulfate at 100 
μg/ml based on the strains collected from Northwestern Ohio counties, 2010-2013 
Bactericide 
level 
(response) Predictor 
Odds 
ratio SE CLL CLU P 
  Host           
Copper sulfate 
(100 μg/ml) 
Processing 
tomato vs 
Fresh market 
tomato 3.00 2.57 0.56 16.10 0.1998 
  
Processing 
tomato vs Pepper 14.97 17.71 1.47 152.20 0.0222 
  
Fresh market 
tomato vs Pepper 4.99 6.95 0.32 76.72 0.2419 
SE = standard Error. CLL = lower confidence level. CLU = upper confidence level. P = 
probability value. Northwestern counties includes Fulton, Henry, Putnam, Huron, 
Seneca, Erie, Wood, Sandusky, Ottawa counties in Ohio and Lenawee County in 
Michigan. 
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Fig. 2.1. BOX-PCR fingerprint patterns from genomic DNA of reference Xanthomonas 
strains. Eight-microliter BOX-PCR products were separated in a 2% agarose gel in Tris 
acetate buffer. Xanthomonas euvesicatoria 110C (Lane 1), X. vesicatoria 791 (Lane 2), X. 
perforans 1220 (tomato race 3) (Lane 3), X. perforans 4B (tomato race 4) (Lane 4), X. 
gardneri XcgA2 (Lane 5), blank control (Lane 6), 1 kb plus standard (Lane 7). 
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Fig. 2.2. Geographic distribution by county of Xanthomonas strains isolated from processing tomatoes (A), fresh market tomatoes 
(B) and peppers (C) in Ohio and Lenawee County, Michigan, 2010-2013. The size of pie charts represents the total number of 
Xanthomonas strains collected in the given county. The size of pie chart in the legend represents 20 strains for processing 
tomatoes, and 10 strains for fresh market tomatoes and peppers.  
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Fig. 2.3. Proportion of Xanthomonas spp. strains insensitive to 30 (Cu30), 100 (Cu100), 
200 or (Cu200) μg/ml copper sulfate, or 20 (Strp20) or 200 (Strp200) μg/ml streptomycin 
sulfate. Xanthomonas spp. were collected from processing tomato, fresh market tomato, 
and pepper with bacterial leaf spot symptoms in Ohio and Lenawee County, Michigan, 
2010-2013. 
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Fig. 2.4. Proportion of Xanthomonas strains insensitive to 30 (Cu30), 100 (Cu100) or 200 (Cu200) μg/ml copper sulfate, or 20 
(Strp20) or 200 (Strp200) μg/ml streptomycin sulfate, isolated from processing tomato, fresh market tomato and pepper with 
bacterial leaf spot across different crop types and locations in Ohio and Lenawee County, Michigan, 2010-2013.  
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Fig. 2.5. Soil temperatures in Celsius (°C) change from October 2013 to October 2014 at 
10 cm depth below the surface, from Ohio Agricultural Research and Development Center 
(OARDC) Wooster, OH (blue line), representative of Wooster silt loam, and OARDC North 
Central Station (Fremont, OH, red line), representative of Colwood fine sandy loam and 
Hoytville silty clay loam. 
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Chapter 3. Management of bacterial leaf spot at the seedling production stage 
 
Abstract 
Bacterial leaf spot (BLS) is a serious disease of processing tomato in Ohio. Four 
Xanthomonas species cause BLS on pepper and tomato. In Ohio and Michigan, the 
predominant species on processing tomato is X. gardneri. In the present study, we 
attempted to suppress BLS caused by X. gardneri by using bactericides and plant 
activators in a greenhouse simulating the commercial seedling production environment. 
The effect of two seedling densities on the development of BLS was evaluated in the same 
experiments. In addition, the effect of overhead irrigation, sub-irrigation and the use of a 
non-ionic surfactant on copper retention on tomato seedling surfaces was evaluated. 
Finally, the effect of relative humidity on BLS was quantified in high (80%) and low (30 – 
45%) relative humidity in controlled environments. In one of the two years, both 
acibenzolar-S-methyl and aluminum Tris O-ethyl phosphate reduced bacterial 
populations relative to the negative control. In 2013, lower seedling density (using 288-
cell trays) contributed to lower BLS severity compared to higher seedling density (using 
338-cell trays). The addition of a non-ionic surfactant to copper hydroxide could increase 
the surface tenacity of copper. The use of overhead irrigation in greenhouses eroded 
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protectant copper on tomato seedling leaf surfaces more rapidly than sub-irrigation. 
Growing seedlings under initial conditions of high relative humidity at the inoculation 
time point contributed to 4.6 times more BLS lesions than low relative humidity. Every 
24-hour of additional high humidity during the first 8 days of incubation contributed to 
an increase of 10% in the number of BLS lesions. 
 
Introduction 
The Midwestern US tomato (Solanum lycopersicum) production area, including 
Ohio, Michigan and Indiana, contributes a farm market value of $34.9 million in fresh 
market tomatoes and $17.0 million in processing tomatoes in 2014 (USDA NASS, 2012). 
In 2009, Ohio vegetable growers for the first time noticed atypical tomato bacterial spot 
fruit symptoms on processing tomatoes fruits. These fruit lesions were larger and deeper 
than the usual scabby spots induced by Xanthomonas. Tomato processors noted that 
these new lesions were difficult to remove during processing and resulted in an estimated 
30% loss in tomato production in 2010 (W. Hirzel, personal communication).  We 
confirmed the causal agent to be Xanthomonas gardneri in Ohio and Michigan, and 
identified X. gardneri as the predominant species on processing tomato in Ohio from 2010 
to 2013 (Ma et al., 2011; Chapter 2). 
Bacterial leaf spot (BLS) of tomato is caused by one of four species: Xanthomonas 
euvesicatoria, X. vesicatoria, X. perforans and X. gardneri (Jones et al., 2004). 
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Xanthomonas euvesicatoria, X. vesicatoria, and X. gardneri are also known to cause BLS 
on peppers (Capsicum spp.). Recently, X. perforans was also confirmed infecting pepper 
(Potnis et al., 2015). Xanthomonas gardneri strains were first reported from the former 
Yugoslavia (Sutic, 1957). In the following four decades, X. gardneri was distributed all over 
the world, probably as a result of global seed trade. The countries and territories under 
the threat of X. gardneri include the Russian Federation (Kornev et al., 2009; Ignatov et 
al., 2009), southwest Indian Ocean territories (Hamza et al., 2010), Brazil (Quezado-Duval 
et al., 2004), Costa Rica (Bouzar et al., 1999), and Canada (Cuppels et al., 2006). In the US, 
X. gardneri was confirmed in a disease outbreak in 1995 in Pennsylvania, where it 
recurred during 2001, and 2003 to 2009 (Kim et al., 2010), as well as in Ohio. 
 Bacterial leaf spot is a seedborne disease. The plant pathogenic Xanthomonas 
spp. that cling to the seed surface serve as the primary inoculum for the BLS disease 
complex. Xanthomonas can survive in a low metabolic state on tomato seeds for months 
in storage (Bashan et al., 1982). As seeds germinate, bacteria first survive and multiply 
epiphytically on the surface of seedlings without symptoms (Sharon et al., 1981). When 
free moisture is available on the plant surface, Xanthomonas enters the plant apoplast 
through wounds and natural openings such as stomata, hydathodes, and broken 
trichomes. In the plant apoplast, Xanthomonas multiplies and type III secretion related 
Hrp genes are up-regulated (Zhang et al., 2009; Potnis et al, 2015). Under the influence of 
Xanthomonas, cell fluid leaks from damaged cells and floods the intercellular space, which 
produces the water-soaking lesions typically observed in the early stage of BLS. Once 
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plant cells are killed by Xanthomonas, the leaf lesion turns dark and withers. Eventually 
the epidermis of the lesion is ruptured and a high multitude of bacterial cells are released 
to induce secondary infections (Yang et al., 1994; Boch and Bonas, 2010).  
Water splash is the major means of pathogen dissemination.  Overhead irrigation 
or wind-driven rain accelerates the spread of the pathogen from disease foci to peripheral 
plants. Nearly all tomato production in the US relies on greenhouse seedling propagation. 
The crowding of seedlings, overhead irrigation, and high humidity in the greenhouse are 
conducive to Xanthomonas dispersal at the seedling propagation stage. Diab et al. (1982) 
investigated the relationship between greenhouse relative humidity (RH) and the severity 
of bacterial spot of pepper. They reported that incubation for at least one day in high RH 
(100%) was necessary to incite disease symptoms later. Daily short misting (1-2 hours) for 
9 days was adequate for symptom development. Low humidity (40%) could inhibit the 
development of symptoms. However, symptoms appeared when the plants were 
returned to high humidity environment after one week. 
Processing tomato seedlings are generally produced in high density in plug trays 
varying in the number of cells, or plugs, but not in overall surface area. Seedling 
production trays for processing tomatoes commonly contain 288 or 338 cells. Seedlings 
produced for fresh market are usually produced in trays with fewer and therefore larger 
cells.   Air circulation in the canopy is affected by seedling density, resulting in different 
canopy humidity levels. Overlapping of leaves in different spacing settings may also affect 
the coverage of agrochemicals on seedling leaf surfaces. 
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There are currently no commercial processing tomato cultivars with a moderate 
or high level of resistance to BLS.  Therefore, current management strategies emphasize 
the use of bactericides to reduce bacterial populations and subsequent disease 
development. Fixed copper formulations, disease resistance inducers, and antibiotics are 
incorporated in management programs (Dougherty, 1978; Jones et al., 1991; Louws et al., 
2001; Vallad et al., 2010).  Copper hydroxide and copper sulfate-based bactericides are 
the most common fixed copper formulations accessible to growers. Application of fixed 
copper in a mixture with mancozeb (an ethylene-bis-dithiocarbamate fungicide) has 
become routine in BLS management in the field. Mancozeb is thought to increase the 
number of available copper ions in the tank mix compared to copper products alone 
(Marco and Stall, 1983). However, copper sensitivity in Xanthomonas has diminished 
since its introduction (Marco and Stall, 1983; Martin et al., 2004). Further, copper residual 
on tomato leaves decreases rapidly in the field, allowing bacterial populations to increase 
between applications (Somers, 1956; Hunsche et al., 2011).  Resistance to streptomycin, 
an antibiotic derived from Streptomyces griseus, has been established in Xanthomonas 
strains since the 1960s (Stall and Thayer, 1962; Bender et al., 1990; Xu et al., 2010). Due 
to concerns for proliferation of streptomycin resistance in humans and animals, use on 
tomatoes is restricted to seedlings during the transplant production stage in the 
greenhouse. The antibiotic kasugamycin is not used in human or animal systems and is 
permitted for both greenhouse and field use on tomatoes, but there is concern for rapid 
establishment of resistance (Vallad et al., 2010).  An alternative to fixed copper and 
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antibiotics is the plant activator acibenzolar-S-methyl (ASM, Actigard, Syngenta, Basel, 
Switzerland), a systemic acquired resistance inducer. A 4-year experiment carried out in 
multiple states (Alabama, Florida, Ohio, North Carolina) and Ontario, Canada showed that 
ASM can achieve similar or better results in management of BLS than copper products 
(Louws et al., 2001). However, while not substantiated in research trials, there is concern 
among growers that ASM may reduce yield slightly and/or delay ripening in tomatoes. 
Other approaches have been introduced in the last two decades in attempts to improve 
BLS control.  Bacteriophage specific to xanthomonads demonstrated potential for BLS 
control and have been commercialized (Obradovic et al., 2004; Omnilytics, Inc., Sandy, 
UT). The survivability of bacteriophage is heavily dependent on the application method 
and environmental condition. Aluminum Tris O-ethyl phosphate (Aliette, Bayer 
CropScience, Monheim am Rhein, Germany) is a fungicide labeled for management of 
fungal and oomycete diseases including Phytophthora root rot and Pythium damping-off 
of tomato. Upon application, aluminum Tris O-ethyl phosphate is hydrolyzed and releases 
phosphite (McDonald et al., 2001). In low concentration, phosphite can induce plant 
defense gene expression, while in high concentrations can directly inhibit Phytophthora 
mycelium growth (Jackson et al., 2000). In independent studies, Aliette was proven 
effective in controlling bacterial diseases caused by xanthomonads in ornamental crops, 
and effectively reduced the severity of cabbage black rot induced by X. campestris pv. 
campestris (Chase, 1989a; Mochizuki and Alvarez., 1996). However, there are no reports 
of the effect of Aliette on BLS of tomato. Citric acid, Bacillus subtilis QST 713, and 
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potassium bicarbonate are being used in organic production against a wide range of 
fungal and bacterial diseases, including tomato BLS. But little information is available on 
the efficacy of these products in reducing the incidence or severity of BLS in tomatoes. 
Since neither cultivars resistant to X. gardneri nor highly effective bactericides are 
available to control BLS in tomatoes, epidemics are likely to occur under rainy conditions 
typical in the Midwestern US during the tomato growing season, when transplants carry 
populations of pathogenic Xanthomonas from the greenhouse to the field (Bashan, 1986). 
Therefore, effective management requires significant reduction or elimination of 
bacterial populations on tomato seedlings prior to transplanting in the field.  Sanitizing 
seed treatments are effective in eliminating Xanthomonas from tomato seeds, however 
such seed treatments have not been widely adopted due to various factors, including 
incompatibility with seed priming and pelleting (Lewis Ivey and Miller, 2004; Pernezny et 
al., 2002). Furthermore, even if only one in ten thousand seeds carry a bacterial pathogen, 
which may not be detected in regular sampling, it is enough to induce epidemics in the 
field (Louws et al., 1999).  Therefore, the effects of bactericides, as well as the influence 
of seedling crowding, were evaluated on the development of BLS and populations of X. 
gardneri during tomato transplant production. In addition, copper tenacity on seedlings 
in the greenhouse was evaluated, and the effect of a non-ionic surfactant, Activator 90, 
on copper residues on tomato leaves was determined. Finally, the effect of humidity 
duration and the initial humidity at inoculation on BLS development on tomato seedlings 
was quantified in a controlled environment. 
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Materials and Methods 
Bacterial strains and plant materials 
Xanthomonas gardneri strain SM174-10 was isolated from processing tomato in 
Ohio in 2010. Its identity was confirmed using multilocus sequence analysis (Timilsina et 
al., 2015).  This strain was used to generate a rifampicin-resistant strain SM174rifR by 
plating it onto nutrient agar (peptone 5 g/L, beef extract 3 g/L, agar 15 g/L) with 0.5% 
glucose (GNA) amended with 100 ppm rifampicin. Bacterial strains were frozen in 15% 
glycerol with nutrient broth yeast extract broth (NBY broth, peptone 5 g/L, beef extract 3 
g/L, yeast extract 2g/L, K2HPO4 2 g/L, KH2PO4 0.5 g/L, agar 15 g/L) without glucose at -
80°C for long-term preservation. Before use, bacteria were streaked onto GNA as 
described above and incubated at room temperature. Bacterial inoculum was prepared 
by diluting 4-day old X. gardneri colonies in sterile distilled water and adjusting the 
suspension to approximately 107 CFU/ml (O.D.600nm = 0.2) prior to use.  Tomato seeds (cv. 
Heinz 9704) were treated with 1% hydrochloric acid before pelleting by the provider. 
Seeds were geminated in plug trays filled with Fafard superfine germination mix (Sun Gro 
Horticulture, Agawam, MA) in a greenhouse with a temperature range of 25-35°C.  Foliar 
fertilizer (20-20-20 N-P-K, JR Peters Inc., Allentown, PA) was used weekly beginning 2 
weeks after sowing. A customized irrigation boom was used to simulate overhead 
irrigation typically used in tomato seedling production greenhouses. In brief, four Turbo 
Floodjet #4 nozzles (TeeJet Technologies, Wheaton, IL) were mounted on a 1.27 cm 
diameter PVC pipe 50 cm apart. The PVC pipe was connected to a faucet with a soft hose. 
 96 
 
During irrigation, the boom was held 1 m above the tomato canopy and traveled parallel 
to the benches at 5 cm/s.  
 
Bactericide efficacy and effect of seedling spacing on BLS development  
Four-week-old seedlings in 338-cell plug trays were placed in a greenhouse mist 
room at the Ohio Agricultural Research and Development Center (OARDC) in Wooster, 
OH, with a cycle of 24 s mist per 12 min for 2 hours, then the mist system was turned off 
for 2 hours before spray inoculation with X. gardneri.  Bacterial inoculum was applied to 
leaves until runoff. Two hours after inoculation, plants were misted as described above 
for approx. 18 hours.  Nine seedlings from the center of 288- or 338- cell trays were 
removed and replaced with X. gardneri-inoculated seedlings (Fig. 3.1), immediately 
followed by the first application of bactericides or water (negative) control. Bactericide 
and control treatments were repeated 7 days later.  A non-treated, non-inoculated 
control was included for both tray types.  In the first experiment, copper hydroxide 
(Kocide, DuPont, Wilmington, DE), copper sulfate (Cuprofix, United Phosphorus, King of 
Prussia, PA), Cuprofix in combination with citric acid (Citrex, Greenspire Global, Des 
Moines, IA), ASM (Actigard, Syngenta, Basel, Switzerland), streptomycin sulfate (Agri-
Mycin, Laverton North, Victoria, Australia), Bacillus subtilis QST713 (Cease, Bioworks, 
Vicktor, NY) in combination with potassium bicarbonate (MilStop, Bioworks, Vicktor, NY), 
and water (negative controls) were applied on May 21 and 28 (Table 3.1). In the second 
experiment, kasugamycin hydrochloride (Kasumin, Arysta LifeScience, Cary, NC) and 
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aluminum Tris O-ethyl phosphate (Aliette) treatments were added. All treatments were 
tank mixed with 0.25% non-ionic surfactant (Activator 90, Loveland Products, Loveland, 
CO) and applied on May 9 and 16. The product concentration was calculated from the 
mid-label rate (Table 3.1) on a weight or volume basis as applicable, based on the 
application amount (5 ml) and the top-view projected area of a plug tray (1415 cm2). 
Treatments were prepared with 500 ml deionized water in one-liter spray bottles. The 
nozzles of spray bottles were calibrated to 1 ml per spray; each tray was sprayed five 
times (5 ml). 
Trays were arranged in a split-plot design with the whole plots in randomized 
complete blocks. The two different tray types (288- and 338-cell plug tray) were 
considered as whole plots, and were randomly arranged on three greenhouse benches 
(three blocks). Bactericide treatments and non-treated controls (seven levels in 
Experiment 1, nine levels in Experiment 2) were randomized as sub plots within each 
whole plot. Non-inoculated non-treated (double negative) controls in triplicates of each 
tray type were conducted in a separate greenhouse room with the same environmental 
conditions to avoid cross contamination. 
Seven days after the second treatment, the above-ground portion of seedlings 
were sampled from ten cells (yellow cells, Fig. 3.1) outside the inoculation zone (red cells, 
Fig. 3.1), weighed and soaked in 100 ml distilled water, followed by vigorous shaking in a 
Pulsifier (Filtaflex Ltd., Almonte, Ontario, Canada; Fung et al., 1998). The resulting 
suspension was serially diluted in sterile 1.2 ml library tubes with 0.9 ml 10 mM potassium 
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phosphate buffer (KPB, K2HPO4 13.97 g/L, KH2PO4 2.69 g/L, pH = 7.4). One hundred 
microliters of each dilution were plated onto nutrient agar amended with 100 ppm 
rifampicin. Cultures were incubated at 27°C for 3 days prior to colony enumeration. 
Colony counts were converted to colony forming units per gram tissue (CFU/g) based on 
the tissue weight and dilution factors.  
The number of leaf lesions per plant was determined 8 days after inoculation from 
26 and 50 seedlings sampled from inner (green) and outer (blue) rectangular zones, 
respectively, surrounding the inoculation foci (Fig. 3.1). Seedling dry weights were 
standardized by dividing the dry weight of plants from the inner and outer rectangular 
regions by plant counts from the two regions, respectively. Average dry weight per 
seedling was computed as the sum of plant dry weights from inner and outer rectangular 
regions divided by total seedling counts. 
In Experiment 2, a Model 21X data logger (Campbell Scientific, Logan, UT) was 
programmed to collect temperature, humidity, and photosynthetic active radiation (PAR) 
data every 2 seconds, compute the hourly average and store the data in the memory. 
Humidity sensor and thermocouple were installed 1.5 meter above the tomato canopy. A 
PAR sensor was deployed at the level of the tomato canopy.  
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Effect of irrigation method and non-ionic surfactant on leaf surface copper retention 
Copper hydroxide (Kocide; 6 g/L) alone or in combination with non-ionic 
surfactant Activator 90 was applied to 3-week-old tomato seedlings in 12 x 12 cell trays 
(half a 288-cell plug tray) as described above. Plants were irrigated using an overhead 
wand as described above or by sub-irrigation. Surfactant-alone treated controls and a 
double negative control, along with other treatments, were arranged in a randomized 
complete block design with three blocks in the greenhouse. Thirty leaves were randomly 
collected from each tray 0, 2, and 3 days post treatment, weighed, and transferred to 50 
ml sterile tubes containing 30 ml deionized water. All treatments were conducted in three 
replications. Day 0 samples were collected one hour after copper treatment, before 
irrigation was applied. All leaf samples were shaken vigorously at 200 rpm for 15 min. Ten 
milliliters of the supernatant of each tube was transferred to a sterile 15 ml capped tube 
and store at 4°C for further tests. Within one week, samples were submitted to STAR Lab 
(Service Testing and Research Lab, OARDC, Wooster, OH) and were subjected to 
inductively coupled plasma (ICP) spectrophotometric (Teledyne Leeman Labs, Hudson, 
NH) analysis to determine elemental copper concentration. Recovered copper 
concentration per gram tissue was calculated based on the wash solution volume and 
tissue weight.  
In a separate experiment, 6 μl Kocide solution (6 g/L) alone or in combination with 
Activator 90 (0.25%) was applied to each leaf with a micro pipette. Zero and 2 days post 
copper treatment, leaf samples were washed in deionized water as described above or 
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not washed. Areas to which copper was applied were marked, excised and fixed on a 
carbon planchet (1.5 cm in diameter) for scanning electron microscopy (SEM, S4700, 
Hitachi, Ltd., Tokyo, Japan). Areas with visible particles were selected and tested with an 
energy dispersive X-ray analyzer (EDXA) at 12 mm working distance, 20 kV accelerating 
voltage, and 15-20% deadtime, to confirm and quantify the presence of copper.  
 
Effect of humidity duration on BLS development 
One hundred sixty 4-week old tomato seedlings were transplanted into 10 x 10 x 
12 cm pots and placed separately in two 240 x 160 cm walk-in growth chambers (BDW40, 
Conviron Corporate, Winnipeg, Manitoba, Canada). Eighty seedlings in each growth 
chamber were divided into eight groups of ten seedlings in each, and groups were 
completely randomized in the trays on two wheeled benches with a working surface 
approx. 0.7 m above the floor. Seedlings were first incubated at 60% RH, 27°C, and 800 
μMol/m2 illumination, with 16/8 light/dark period for 6 days. Water was added to the 
trays and was absorbed from the bottom of the pots. Subsequently, the target relative 
humidity of the two growth chambers was adjusted to 0% and 80%. A 35-pint (16.6 L) 
dehumidifier (DH-35K1SJE5, Hisense Company Ltd. Qingdao, China) was operated in the 
low humidity growth chamber with a target RH of 30%. The actual RH in the low humidity 
growth chamber ranged from 30 to 45% with an average of 37%; the RH in the high 
humidity chamber remained stable at 80%. After 24 hours adaptation in their respective 
humidity environments, seedlings were spray-inoculated with X. gardneri strain 
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SM174rifR.  Every 24 hours thereafter, one group of ten seedlings was transferred from 
the low RH growth chamber to the high RH growth chamber, and another group was 
transferred from the high RH to the low RH chamber. Seedlings were therefore exposed 
to different periods of high and low humidity for 7 days after inoculation (Fig. 3.2). 
Additionally, ten non-inoculated seedlings were included at each RH environment as 
negative controls. Leaf lesion numbers were counted 8 days after inoculation; the fourth 
true leaf of each seedling in a group was combined in a bulk sample and surface bacterial 
populations were enumerated as described above. The experiment was replicated three 
times beginning on Feb 20, April 15, and May 10, 2014. During the experiments, 50-80 
leaves in total were sampled for leaf surface temperature with a non-contact IR 
thermometer gun (BAFX Products, Milwaukee, WI) under 80%, 60%, and 40% RH regimes, 
respectively. Dew points were calculated using air temperature and relative humidity 
based on the web-based program at http://dpcalc.org/. 
 
Data Analysis 
Data were analyzed separately in experiments to evaluate bactericide efficacy 
conducted in 2012 and 2013. The following equation was used to represent the model 
employed by split-plot design with whole plots in randomized complete blocks:  
𝑌𝑖𝑗𝑘 = 𝜇 +  𝑇𝑖 +  𝐶𝑗 + (𝑇𝐶)𝑖𝑗 +  𝛾𝑘 +  𝑤𝑖𝑘 + 𝑒𝑖𝑗𝑘                    (3.1) 
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Where 𝑌𝑖𝑗𝑘 represents the response variable for i-th tray type, j-th chemical treatment, 
and k-th block, 𝜇 is the constant (or intercept), 𝑇𝑖 explains the fixed effect of i-th tray type, 
𝐶𝑗 is the fixed effect of j-th chemical treatment, (𝑇𝐶)𝑖𝑗 is the fixed effect of interaction 
between i-th tray type and j-th chemical treatment, 𝛾𝑘 is the random effect of the k-th 
block, 𝑤𝑖𝑘 is the random variation among experimental units within the i-th tray type in 
the k-th block, and 𝑒𝑖𝑗𝑘  denotes the random error. PROC GLIMMIX (SAS, SAS Institute 
Cary, NC) was used to analyze the main effect of tray type and chemicals, while LSMEANS 
was used to separate means at α = 0.1 level. 
When interactions between main effects were present, a simple effect analysis 
was carried out with PROC GLIMMIX with LSMEANS statement to separate means at α = 
0.1. Kruskal-Wallis Test was used to cope with non-normal distributed data by using SAS 
procedure PROC NPAR1WAY Wilcoxon. A paired t-test was conducted between log 
transformed lesion numbers (for variability homogenization) from seedlings in inner 
rectangular zones and those in outer rectangular zones with PROC TTEST.  
In the copper tenacity evaluation experiment, recovered copper per gram tissue 
from Day 0 was only affected by the use of surfactant, while samples from Day 2 and 3 
were affected by surfactant level, irrigation type, and day. Therefore, ANOVA with fixed 
effect from surfactant level, and random effect from replications was computed for Day 
0 data. Copper recovery data from Day 2 and day 3 were converted to percent copper 
decrease rate (DR%) relative to Day 0 copper recovery data as follows: 
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𝐷𝑅% =
𝐶0−𝐶𝑑
𝐶0
× 100%                              (3.2) 
Specifically, 𝐶0 and 𝐶𝑑 are the recovered copper concentration per gram tissue on Day 0 
and Day 𝑑, respectively. The following model equation was used to fit the DR data for Day 
2 and Day 3, respectively:  
𝑌𝑖𝑗𝑘 = 𝜇 +  𝐼𝑖 + 𝑆𝑗 +  (𝐼𝑆)𝑖𝑗 +  𝛾𝑘 + 𝑒𝑖𝑗𝑘  (3.3) 
Where 𝑌𝑖𝑗𝑘ℎ represents the response variable (log (DR/100 + 1)); 𝜇 is the constant; 𝐼𝑖 is 
the fixed effect of i-th irrigation type, 𝑆𝑗 is the fixed effect of j-th surfactant level, (𝐼𝑆)𝑖𝑗 is 
the fixed effect of interaction between i-th irrigation type and j-th surfactant level, 𝛾𝑘 
represents the random effect of the k-th block, and 𝑒𝑖𝑗𝑘 denotes the random error. PROC 
GLIMMIX was used to test the significance of the main effects. Means of main effects 
were separated with LSMEANS at alpha = 0.05. Paired T-test was conducted between DR 
data at Day 2 and that at Day3. 
In the experiment to quantify the effect of humidity duration on BLS development, 
lesion numbers per plant and surface bacterial population numbers were log transformed 
and analyzed using PROC GLIMMIX to test the significance of difference among 
combinations of all treatment levels. Means were separated at α = 0.05. Contrasts were 
conducted between seedlings that received high initial humidity and that received low 
initial humidity. Analysis of covariance (ANCOVA) was conducted, proceeded by 
justification in hypotheses of “slope-equal-to-zero”, and “the adequacy of a common 
slope” for leaf lesion data (Littell et al. 2006). Having passed the hypothesis tests, the data 
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of leaf lesion numbers per plant were fitted by the model as shown in the following 
equation: 
𝑌𝑖𝑗𝑘 = 𝜃 +  𝐼𝑖 +  𝛽𝐻𝑗 +  𝛥𝑖𝐻𝑗 + 𝛾𝑘 +  𝑒𝑖𝑗𝑘                                     (3.4) 
Where, 𝑌𝑖𝑗𝑘 represents the log transformed lesion number per plant as the response in 
the model, 𝜃  is the intercept, 𝐼𝑖  is the fixed effect of i-th initial humidity condition, 
specifically, the high initial humidity or the low initial humidity, 𝛽 is the main effect of 
covariable,  𝐻𝑗  is the of j-th observation of the continuous covariable-days seedlings 
under high humidity regime, 𝛥𝑖  is the interaction effect of covariable (effect 𝐼𝑖 on 𝑌 and 
𝐻𝑗  relationship),  𝛾𝑘 is the random effect of the k-th experiment, and 𝑒𝑖𝑗𝑘  denotes the 
random error. 
 
Results 
Bactericide efficacy and effect of seedling spacing on BLS development  
Water-soaked lesions appeared scattered among seedlings in the inoculation foci 
6 days post inoculation, and turned dark in an additional 1-2 days. At the time of sample 
collection, approx. 2 weeks after initial inoculation, black lesions were observed among 
surrounding seedlings that were not spray inoculated. No symptoms were detected on 
non-inoculated, non-treated controls.  
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In Experiment 1, neither seedling density [288- (low density) and 328-cell (high 
density) trays] nor bactericide treatment significantly affected seedling dry weight. No 
significant differences in X. gardneri populations were observed across the two seedling 
densities or bactericide treatments. An interaction between seedling density and 
bactericide treatment was observed in BLS lesion numbers in seedlings from the inner 
and outer sampled zones, combined (Table 3.2). The effect of bactericide treatment on 
BLS lesion number per seedling at each seedling density was evaluated. At low seedling 
density, bactericide/activator treatments did not significantly reduce lesion number per 
plant, compared to non-treated controls. The number of BLS lesions per seedling were 
higher on seedlings treated with Kocide (5.6 ± 1.5 lesions per seedling) than on non-
treated controls (2.6 ± 1.4 lesions) and Cuprofix (copper sulfate) + Citrex (citric acid) at 
1.9 ± 0.8 lesions, Agri-Mycin (streptomycin sulfate, 1.8 ± 1.2 lesions), and Cease (Bacillus 
subtilis) + MilStop (potassium bicarbonate) at 0.77 ± 0.41 lesions (P = 0.0425, Fig. 3.3).  
For high-density tomato seedlings, no significant effects of bactericide/activator 
treatment on lesion numbers were observed. Non-parametric tests were also conducted 
for effects of seedling density on the number of leaf lesions per plant (both sampled zones 
combined) at each bactericide/activator treatment level. However, no significant 
differences in BLS lesion counts between seedling density treatments were observed for 
any of the bactericide/activator treatments (Table 3.3).  Paired t-test results showed that 
the lesion number per seedling from the inner sampled zones (4.8 ± 0.7 lesions per 
seedling) was higher than from the outer sampled zone (1.4 ± 0.5, P < 0.0001, Fig. 3.4).   
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In Experiment 2, no interaction between seedling density and 
bactericide/activator treatments in surface X. gardneri populations or number of BLS 
lesions per seedling was observed (Table 3.2). Significant main effects of 
bactericides/activators and seedling density on surface X. gardneri populations and BLS 
lesions per seedling from the inner sampled zones were found. Actigard (8.7 ± 0.54 
logCFU/g) and Aliette (9.5 ± 0.58 logCFU/g) significantly reduced surface X. gardneri 
populations on tomato seedlings compared to the non-treated controls (10.4±0.21 
logCFU/g, P = 0.0264, Fig. 3.5). Despite the lack of variation among surface X. gardneri 
populations between low and high seedling density treatments, the number of leaf 
lesions was significantly lower in seedlings from the inner sampled zone of 288-cell trays 
(11.9 ± 1.33 lesions per seedling, P = 0.025), than in the 338-cell trays (15.4 ± 1.49 lesions 
per seedling, Fig. 3.6). However, the number of lesions from the outer sampled zone and 
the combined zones were neither affected by bactericide/activator treatment nor 
seedling density. No interactions between bactericide/activator treatment and seedling 
density were noticed for seedling dry weight (Table. 3.2). However, the main effects of 
bactericide/activator and seedling density on seedling dry weight were significant. The 
dry weight of seedlings produced in 288-cell trays was significantly higher than the weight 
of seedlings from 338-cell tray in both sampled zones (Fig. 3.7). Significant differences in 
seedling dry weight across bactericide treatments were exhibited in the outer sampled 
zone and in the combined data from both inner and outer zones. In both cases, Kocide-
treated seedlings exhibited higher dry mass (0.13 ± 0.01 g/plant from outer zones, 0.12 ± 
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0.01 g/plant combined zones) relative to non-treated controls (0.11 ± 0.01 g/plant from 
outer zones, 0.10±0.01 g/plant combined zones, Fig. 3.8). Similar to Experiment 1, the 
number of BLS lesions per seedling from the inner sampled zones was significantly higher 
than from outer zones (Fig. 3.4). 
During seedling production in the greenhouse in Experiment 2 (March/April/May), 
RH levels were high between 8 pm and 8 am (Fig. 3.9). After 8 am the RH declined, 
reaching its lowest point (average <30%) at 3 pm. However, RH increased pronouncedly 
on rainy or overcast days, indicated by data outliers (Fig. 3.9). The RH rose from 3 pm until 
8 pm, when it leveled off at an average of 50% for the next 12 hours. Temperature and 
PAR data demonstrated similar bell shaped curve dynamics, with both values peaking at 
2 pm (Fig. 3.9). 
 
Copper tenacity on tomato seedling leaves 
No copper was recovered from tomato seedlings treated with surfactant alone or 
from double negative controls by vigorous washing, regardless of overhead irrigation or 
sub-irrigation. The amount of copper recovered from copper-treated leaves decreased 
over time (0 to 3 days after treatment; Fig. 10A).  On Day 0, more copper was recovered 
from leaves treated with copper alone (28.3 ± 0.83 µg/g) than from those treated with 
copper in combination with a surfactant (11.4 ± 1.19 µg/g, Fig. 3.10B). Analysis of 
percentage recovered copper decrease rate (DR%) showed no interaction between 
surfactant and irrigation type (P = 0.3375, P = 0.4146) on Day 2 and Day 3. The use of 
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surfactant did not affect recovered copper DR% significantly (P = 0.0561) on Day 2, but 
reduced copper wash-off from seedling leaves on Day 3 (P = 0.0459, Fig. 3.10C). Irrigation 
types contributed significantly to DR% (P = 0.003, P < 0.0001) on Day 2 and Day 3. 
Overhead irrigation was associated with 73% (Day 2) and 85% (Day 3) copper reduction 
and sub-irrigation with 11% (Day 2) and 29% (Day 3) reduction of recovered copper (Fig. 
3.10D, E). Paired t-test between the DR% of Day 2 and Day 3 revealed that the copper 
recovered in washing solution decreased significantly over time (P = 0.0114). 
Droplets of copper hydroxide solution supplemented with a surfactant had a 
smaller contact angle with the tomato leaf surface than copper hydroxide without 
surfactant (Fig. 3.11). SEM analysis revealed that on the leaf surface, copper particles 
from solutions without surfactant (Fig. 3.12A) were larger than those with surfactant (Fig. 
3.12B). Copper hydroxide solution applied alone formed a raised structure on the leaf 
surface with high detectable amount of elemental copper (Fig. 3.12A). The small copper 
particles in copper with surfactant treatment increased the contact surface between 
particles and the leaf surface (Fig. 3.12B). After vigorous washing, the large particles 
associated with high copper concentration were found mostly along veins of leaves 
treated with copper hydroxide alone (Fig. 3.12C). The copper particles were smaller on 
leaves treated with copper hydroxide supplemented with surfactant, and were not 
limited to leaf vein area (Fig. 3.12D). On Day 2, a few of the leaves that were treated with 
copper hydroxide and surfactant appeared to have necrotic lesions where the droplet was 
applied. In SEM analysis, copper was observed on leaves of seedlings that received sub-
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irrigation in treatments containing surfactant. However, under overhead irrigation, 
treatments with surfactant did not retain as much copper as in sub-irrigation. 
 
The effect of humidity on BLS development  
Among the tomato seedlings exposed to high (80%) RH prior to low (30-45%) RH, 
bacterial spot lesions were more abundant on those exposed to high RH for 7 days, then 
transferred to low RH for 1 day (243 ± 40 lesions per seedling), and those exposed to high 
RH for 8 days (215 ± 29 lesion), than on those exposed to high RH for one day and low RH 
for 7 days (Table 3.4). The fewest lesions were found on seedlings exposed to low RH for 
8 days (30 ± 8 lesion per seedling). The BLS lesion number per seedling exposed to high, 
then low humidity were higher than that exposed to low, then high humidity (Table. 3.4). 
Surface X. gardneri populations on tomato seedling leaves were generally high but not 
clearly separated among different treatments (Table 3.4).  
Significant differences in leaf lesion numbers were observed between all pairs of 
the two treatments of seedlings exposed to the same high humidity duration but to 
different initial humidity conditions (Table 3.5). However, differences in X. gardneri 
populations caused by increasing initial humidity were only detected among seedlings 
exposed to 1 and 7 days of high relative humidity, as well as between all treatments in 
which seedlings were exposed to high initial humidity and to low initial humidity (Table 
3.5). Among groups with significant differences, high initial humidity increased either the 
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BLS lesion number, or the bacterial population. Neither BLS lesions nor surface X. gardneri 
populations were detected in non-inoculated controls. 
Prior to performing ANCOVA, the “slope-equal-to-zero” hypothesis was rejected 
(P < 0.0001), while the assumption that a common slope is adequate to explain the 
response was accepted (P = 0.7988) (Littell et al., 2006). Without interactions between 
humidity duration and initial humidity, the equation 3.4 was reduced for the relationship 
between log transformed lesion number and humidity duration as 
E(log(𝑁 + 1))𝑖 = 𝐼𝑖 +  𝛽 ∗ 𝐻𝑖                               (3.5) 
Where expected value of log transformed lesion numbers is the response variable, is the 
intercept for each initial humidity condition (high or low). 𝛽 is the common slope, which 
is the rate of log(N +1) increase per additional day of high humidity incubation. 
ANCOVA estimated the parameters that explain the change in log transformed 
lesion number as in the following equations. 
At high initial humidity, 
log(𝑁𝐻𝑖𝑔ℎ + 1) = 1.859 +  0.042 ∗ 𝐻    (3.6) 
At low initial humidity, 
log(𝑁𝐿𝑜𝑤 + 1) = 1.192 +  0.042 ∗ 𝐻   (3.7) 
Where, N is the lesion number. High initial humidity explained 1.859 change in log 
transformed lesion number. Low initial humidity explained 1.192 change in log 
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transformed lesion number. In other words, the change from low initial humidity (30-45% 
RH) to high initial humidity (80% RH) equals the influence of 16 days high humidity 
incubation on BLS lesion development. Solving equation (3.6) and equation (3.7) by (3.6) 
– (3.7), When N >>1, we have 
𝑁𝐻𝑖𝑔ℎ = 4.6 ∗ 𝑁𝐿𝑜𝑤                 (3.8) 
Therefore, if the seedlings are exposed to the same high RH duration, high initial RH at 
inoculation can incite about 4.6 times more lesions than the low initial humidity. H 
denotes the days under high humidity duration, which means every 24-hour incubation 
in high humidity contributed to 0.042 log transformed lesion number (Fig. 3.13). This 
concept can be described as 24 hour incubation increased the lesions number by 1.1 times 
as in (3.9). 
 
𝑁𝐻+1
𝑁𝐻
=
100.042∗(𝐻+1)
100.042∗𝐻
= 1.1        (3.9) 
Leaf surface temperatures averaged 22°C, 21°C, 22°C under the regimes of 80%, 
60%, and 40% RH, respectively, which is 5 - 6°C below the air temperatures in growth 
chambers (27°C). Dew points under 80%, 60%, and 40% RH are 23°C, 19°C, and 12°C. 
Therefore, under 80% RH, the leaf surface temperature was 1°C below the dew point, 
while the leaf temperatures under 60% and 40% RH were 2°C and 10°C above dew point, 
respectively. 
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Discussion 
Propagation of processing tomato seedlings in the greenhouse is an approximately 
5 to 6-week process.  However, this period is arguably the most important for preventing 
bacterial spot development in the field. Despite this, relatively few studies have been 
conducted to investigate BLS management strategies in seedling production. Our 
evaluation of the effect of bactericides/plant activators and seedling density on BLS 
development were conducted in environments that simulate those of commercial 
production facilities.  Inoculation rates that are too high or low may mask the main effects 
caused by various management approaches. Hence, the inoculation method in this study 
was adapted from Flaherty et al. (2000) to build up a disease pressure gradient from high 
pressure in the plug tray center to low pressure on tray edges (Fig. 3.1). As a result, for 
both years, the number of BLS lesions per plant from the inner sampled zones were higher 
than from outer zones.  
The X. gardneri strain SM174-10 used in this experiment was resistant to 100 ppm 
copper sulfate (Chapter 2).  In the first experiment (2012), seedlings in 288-cell trays 
treated with copper hydroxide had the highest number of BLS lesions.  However, this was 
not observed in the second trial (2013) and copper hydroxide-treated seedlings in 288-
cell trays had the highest dry mass relative to controls.  Jones et al. (1991) argued that 
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copper application had the same effect on copper sensitive strains as on copper resistant 
strains in potted seedlings in the greenhouse. The seedling production environment is 
complicated, which may add more environmental variability to copper effects. 
Specifically, the humidity and air circulation in microenvironments, as well as leaf 
overlapping that influenced bactericide/activator coverage due to abundantly crowded 
seedlings, may be responsible for the mixed results among the two years’ data. 
 ASM (Actigard) has been intensively studied to induce systemic acquired 
resistance in tomato against BLS (Louws et al., 2001; Obradovic et al., 2004; Roberts et 
al., 2008).  ASM is a molecular analog of salicylic acid (SA), which functions at the SA 
binding site of the signaling pathway to incite systemic acquired resistance against a wide 
range of plant pathogens (Oostendorp et al., 2001). ASM does not directly inhibit bacterial 
growth, and therefore poses no selection pressure on bacteria to induce chemical 
resistance. From our Experiment 2 data, the reduction of surface X. gardneri populations 
on tomato seedlings by ASM was superior to that of the copper treatment, which 
substantiates the observations that the plant activator provides equal or better control 
of BLS than standard copper treatment (Louws et al., 2001). However, Louws et al. (2001) 
reported that phytotoxicity on pepper and reduced growth of tomato seedlings were 
observed in some cases. ASM is, thus, recommended to be applied in low rate for limited 
times to avoid detrimental effects on plant growth or phytotoxicity. Although aluminum 
Tris O-ethyl phosphate (Aliette) also showed pronounced effects in reducing X. gardneri 
population in our study, the product is not labeled to control BLS of tomato. The effects 
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of Aliette in controlling some pathogenic Xanthomonas spp. on ornamentals and black rot 
on cabbage were noted in previous studies (Chase, 1989a; Mochizuki and Alvarez., 1996). 
The continuous use of copper products from greenhouse to field stages increases the risk 
of inducing copper insensitivity in bacterial strains. Aliette is worth consideration as an 
alternative product to control BLS in tomato seedling production. However, growers are 
warned of the potential phytotoxicity that could be caused by mixing Kocide and Aliette. 
In the mix, acidic Aliette decreases the pH of the solution from 7 to 4, and facilitates the 
release of detrimental level of copper ions from Kocide that may not be tolerated by crops 
(Chase, 1989b).   
The Experiment 2 data supported the hypothesis that reducing seedling density 
during transplant production can reduce BLS and increase seedling dry weight. This 
finding suggested that the larger seedling spacing could allow better air circulation among 
seedlings, which may reduce the humidity in the microenvironment. Daily humidity 
dynamics revealed high relative humidity from twilight to dawn, which may be associated 
with low temperature and high ambient environmental humidity. Overhead irrigation 
during the day did not contribute to a dramatic increase of greenhouse relative humidity 
as expected. The humidity sensor in this study detected the lowest hourly average RH 
occurred at 2-3 pm, which could be the best irrigation window in this greenhouse during 
April. However, the humidity conditions may differ from greenhouse to greenhouse. 
Humidity dynamic patterns need to be determined individually. Even though there is no 
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irrigation at night, RH remains high from 8 pm to 8 am. Growers may use fans or increase 
the greenhouse temperature to reduce the RH at night to inhibit BLS development.  
Previous study showed the effect of accumulated high humidity were conducive 
to the BLS symptom induction on peppers, and more than 3-day incubation under low 
humidity after inoculation can significantly reduce BLS severity (Diab et al., 1982). The 
present experiments conducted under controlled relative humidity regimes 
demonstrated both high humidity incubation duration and high initial humidity levels 
contributed to BLS development. Deprived of any overhead irrigation in this study, leaf 
lesion establishment was only related to the bacteria from initial spray inoculation. Our 
results indicated that high humidity immediately after inoculation plays a more significant 
role than the duration of high humidity in BLS establishment in seedlings. This may be 
because bacterial epiphytic activities are favored by high humidity (Leben, 1988). On the 
other hand, low humidity can inhibit bacterial activity on plant surfaces (Diab et al., 1982). 
In a seedling production scenario, seedlings receive bacterial cells mainly from overhead 
irrigation droplets containing secondary inoculum. Reducing the ambient humidity by 
increasing temperature immediately after overhead irrigation events may be one way to 
decrease the survival of the newly introduced inoculum. Certainly, this method needs to 
be tested in the future. The movement of bacteria on plant surfaces requires surface 
wetness. Our results showed that leaves from different humidity regimes at the same air 
temperature had very similar leaf surface temperatures.  Leaf surface temperature under 
80% RH was about 1°C below the dew point, which indicated that leaf wetness was 
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present only under high RH. However, in our experiments, low RH did not completely 
prevent BLS from developing as Diab et al. (1982) described. One reason could be that 
the actual RH inside the canopy was higher than the RH measured by the humidity sensor 
outside canopy. Another reason could be that the moisture during inoculation was 
adequate to induce BLS.  
Lesion number per plant and surface bacterial populations are both disease 
severity indicators, but represent different aspects of the interaction with plants. Lesion 
numbers are associated with bacterial epiphytic growth, survivability, and successful 
invasion of the leaf surface. Leaf surface X. gardneri populations are mainly contributed 
by bacteria released from infected tissue, since these populations are much higher than 
epiphytic bacterial populations (Rudolph, 1993). Hence, leaf surface bacterial populations 
are related to the lesion numbers and the developmental stage of the bacteria in host 
tissue. Within 8 days post inoculation, the bacterial populations in tissue possibly peaked 
at the stationary phase, then were released into the buffer during leaf washing. Thus, the 
surface bacterial populations may be too high to show any differences caused by the 
different durations of high humidity. However, differences between two initial humidity 
levels were evident, which suggested that the high initial RH contributed to higher end 
point bacterial population in plant tissue. In seedling production, these bacterial 
populations housed in plant tissue determine the abundance of secondary inoculum in 
the greenhouse. 
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Copper tenacity on tomato leaves was determined based on the physio-chemical 
characteristics of copper particles and the plant surface (Somers, 1956). Poor adhesion 
and rainfastness of copper hydroxide (the active ingredient in Kocide) was noted in other 
studies (Hunsche et al., 2011).  Application of smaller particles of copper compound could 
improve the attachment of copper to the plant surface (Somers, 1956). From our results, 
a nonionic surfactant did increase copper tenacity on the tomato seedling surface by 
breaking down fixed copper into fine particles. A surfactant could increase the period in 
which copper is available on leaves in a greenhouse with overhead irrigation or in the 
field, where irrigation or rainfall could wash away the surface copper residue rapidly. 
Increasing tenacity may hold back the release of soluble copper amounts on the seedling 
surface, actively protecting the seedling from bacterial invasion. A sub-irrigation system 
can reduce the rate of loss of copper deposits in the greenhouse, compared to overhead 
irrigation. Seedlings treated with sub-irrigation and copper without surfactant appeared 
to have more soluble copper on leaf surfaces than those treated with copper 
supplemented with surfactant. Aside from the fact that sub-irrigation can reduce the 
wash-off of protective copper on the leaf surfaces, sub-irrigation can also reduce surface 
water splash. However, increased risk of soilborne or waterborne diseases, such as 
Pythium and Fusarium, may be associated with sub-irrigation (Ehret et al., 2001). 
Therefore, a sub-absorption method that avoids water recirculation should be developed 
for tomato seedling production, which may involve the redesign of plug trays, greenhouse 
benches, and sanitation systems.  
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Using SEM, Hunsche et al., (2011) found that before artificial rain treatment, 
copper bulkily deposited on the edge of droplet spread area on leaves of apple saplings, 
which agreed with our observation on tomato seedling treated with copper hydroxide 
alone. Increased copper spread area has been observed under the effect of silicon-based 
or seed oil ethoxylate surfactant (Hunsche et al., 2011; Orbovic et al., 2007). However, 
the area covered by copper active ingredients was less affected by surfactants than the 
copper spread area due to the recrystallization of copper compounds (Hunsche et al., 
2011). Despite the increased tenacity caused by the use of surfactants, droplet spread 
area and the actual copper active ingredient covered area are different, and need to be 
examined carefully to estimate the practical effect of a surfactant. In addition, nozzle 
types and application angle can significantly change the chemical deposit on, and 
penetration into, tomato canopies (Braekman et al., 2010, Derksen et al., 2001). Further 
research can incorporate the effect of different spray nozzles in the study of copper 
distribution on tomato seedlings.  In some cases, high concentrations of copper in 
combination with surfactant could be phytotoxic to young plants as shown in our 
experiments. Phytotoxicity was likely caused by the penetration of copper through the 
hydrophobic epidermal cuticle layer with the aid of the surfactant, which has been 
previously observed on citrus (Orbovic et al., 2007). Although the phytotoxicity observed 
on citrus was sufficient to recommend against the use of silicon-based surfactants with 
copper, we only observed a few leaves with phytotoxicity symptoms. Therefore, the 
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application rate of copper and surfactant should be carefully examined before use to 
avoid phytotoxicity.  
 In conclusion, we have evaluated two seedling densities and a number of 
bactericides and plant disease resistance inducers (activators) in controlling BLS at the 
seedling production stage. Fixed copper formulas did not provide sufficient disease 
control due to copper insensitivity in the strain and low residual copper on leaves under 
overhead irrigation. In one of two years, both ASM and aluminum Tris O-ethyl phosphate 
reduced the bacterial population on the seedling surface compared to non-treated 
controls. Lower seedling density reduced the number of BLS lesions on seedlings under 
relatively high disease pressure in 2013. The use of a non-ionic surfactant increased the 
tenacity of copper on seedling leaf surfaces, especially under overhead irrigation. Sub-
irrigation is favored over overhead irrigation due to the prevention of disease 
dissemination and less washing off of copper deposit. High relative humidity at 
inoculation caused 4.6 times more lesions than low initial relative humidity, and the initial 
humidity condition at the inoculation point is a more significant contributor to BLS 
development than the high humidity duration. Cultural practices that reduce the relative 
humidity in tomato transplant production greenhouses are worthy of further study as an 
approach to reduce X. gardneri epiphytic populations and BLS development on tomato 
seedlings. 
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Table 3.1. Products tested for bacterial leaf spot management in tomato seedlings 
Treatment 
ID 
Product commercial namea Active ingredient Mid-label rate 
Amount/500 
mlb 
          
1 Non-treated, non-inoculated       
2 Non-treated       
3 Kocide® 3000 Copper hydroxide 0.168 g/m2 3 g 
4 Cuprofix® Ultra 40  Copper sulfate 0.126 g/m2 2.25 g 
          
5 Cuprofix® Ultra 40 Copper sulfate 0.126 g/m2 2.25 g 
  Citrex® (or Procidic®) Citric acid 35% 0.146 ml/m2 2 ml 
          
6 Actigard® 50 WG Acibenzolar-S-methyl 0.0035 g/m2 0.06 g 
7 Agri-Mycin® 17 Streptomycin sulfate 200 ppm 0.6 g 
          
8 Cease® Bucillus subtilis 0.935 ml/m2 13 ml 
  MilStop® Potassium Bicarbonate 0.274 g/m2 4 g 
          
9 Kasumin® 2Lc Kasugamycin Hydrochloride 0.468 ml/m2 6 ml 
10 
Aliette® WDGc 
Aluminum Tris O-ethyl 
phosphate  
0.336 g/m2 5 g 
a All treatments in Experiment 1 were carried out with tank mixed low-label rate (0.25%). 
b Sprayer was adjusted to 1 ml each spray, five sprays were applied to each tray. 
c Treatments 9 and 10 were conducted only in Experiment 2. 
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Table 3.2. Probability values from type III tests of development of bacterial leaf spot (BLS), caused by Xanthomonas gardneri 
(Xg), in tomato seedlings by seedling density and bactericide/plant activator treatment 
Exp Source 
Xg population 
log CFU/g 
BLS Lesion number per plant   Seedling dry weight 
Inner 
zone 
Outer 
zone 
Combined 
zone 
  
Inner 
zone 
Outer 
zone 
Combined 
zone 
1 Seedling density 0.8010 0.1118 0.4307 0.2419   0.5544 0.2636 0.8667 
  Bactericide 0.6542 0.6095 0.4756 0.1394   0.6012 0.3782 0.1160 
  
Seedling density 
*Bactericide 
0.2085 0.4404 0.5865 0.0804   0.4694 0.8697 0.6819 
                    
                    
2 Seedling density 0.2986 0.0250 0.2718 0.1696   0.0812 <0.0001 0.0318 
  Bactericide 0.0264 0.8160 0.4559 0.6833   0.5994 0.0106 0.0152 
  
Seedling density 
*Bactericide 
0.6147 0.7365 0.5345 0.5197   0.2954 0.1316 0.1551 
Exp = Experiment. Highlighted probability values are less than α = 0.1. 
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Table. 3.3. Comparison of number of bacterial leaf spot lesions caused by Xanthomonas gardneri between two seedling 
densities for each bactericide treatment using Kruskal-Wallis test in Experiment 1 
Bactericide treatment P value 
Non-treated 0.8273 
Kocide 0.1266 
Cuprofix 0.1266 
Cuprofix + Citrex 0.8273 
Actigard 0.2752 
Agri-Mycin 0.8273 
Cease + MilStop 0.5127 
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Table 3.4. Comparison of bacterial leaf spot (BLS) lesion numbers and surface Xanthomonas gardneri (Xg) populations among 
tomato seedlings 
Treatment 
ID 
Humidity 
change 
High 
humidity 
days 
Low 
humidity 
days 
BLS lesion number 
(Mean ± SE)a 
Xg population, Log 
(CFU/g) (Mean ± SE ) 
H1 High to Low 1 7 141 ± 30 b 9.7 ± 0.15 a 
H2 High to Low 2 6 146 ± 25 ab 9.1 ± 0.19 abcd 
H3 High to Low 3 5 147 ± 20 ab 9.3 ± 0.49 abc 
H4 High to Low 4 4 169 ± 26 ab 9.2 ± 0.22 abcd 
H5 High to Low 5 3 161 ± 29 ab 9.1 ± 0.34 abcd 
H6 High to Low 6 2 149 ± 26 ab 9.4 ± 0.21 ab 
H7 High to Low 7 1 243 ± 40 a 9.4 ± 0.34 ab 
HP High to Low 8 0 215 ± 29 a 9.3 ± 0.12 abc 
L1 Low to High 7 1 49 ± 11 c 8.1 ± 0.44 e 
L2 Low to High 6 2 57 ± 12 c 8.7 ± 0.30 bcde 
L3 Low to High 5 3 52 ± 13 c 8.7 ± 0.17 bcde 
L4 Low to High 4 4 56 ± 12 c 8.8 ± 0.35 bcde 
L5 Low to High 3 5 36 ± 10 cd 8.5 ± 0.17 cde 
L6 Low to High 2 6 41 ± 8 c 8.8 ± 0.36 bcde 
L7 Low to High 1 7 36 ± 8 cd 8.4 ± 0.14 de 
LP Low to High 0 8 30 ± 8 d 8.6 ± 0.26 bcde 
a Means were separated with LSD at α = 0.05. SE = standard error. The same letter indicates the difference between data was 
not significant. 
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Table 3.5. Orthogonal contrast of bacterial leaf spot (BLS) lesion numbers and tomato seedling surface Xanthomonas gardneri 
(Xg) populations between the seedlings exposed to the same high humidity duration but different initial humidity 
Contrast  
High 
humidity 
days shared 
Low humidity 
days shared 
Difference of BLS 
lesion number per 
plant (log (n + 1)) P Value 
Difference of Xg 
population (Log 
CFU/g) P Value 
High initial humidity 
group VS Low initial 
humidity group 
N/A N/A 0.7094 <.0001 0.7117 <.0001 
H1 VS L7 1 7 0.5804 <.0001 1.2591 0.0040 
H2 VS L6 2 6 0.6031 <.0001 0.2510 0.5406 
H3 VS L5 3 5 0.8182 <.0001 0.7914 0.0599 
H4 VS L4 4 4 0.6478 <.0001 0.3821 0.3534 
H5 VS L3 5 3 0.5571 <.0001 0.3736 0.3641 
H6 VS L2 6 2 0.5438 <.0001 0.7084 0.0904 
H7 VS L1 7 1 0.7827 <.0001 1.2369 0.0046 
H1 - H7 = seedlings were initially incubated in high humidity for 1-7 days. L1 - L7 = seedling were initially incubated in low 
humidity for 1-7 days. P values in bold were less than α = 0.5. 
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Fig. 3.1. Inoculation and sampling of tomato seedlings in 288-cell (left) and 338-cell (right) trays. Both trays are 26.7 cm × 53.0 cm 
× 3.8 cm. Inoculation foci (one seedling per cell) are shaded in red. Cells in which plants are sampled for bacterial population 
analysis are colored yellow. Green and blue cells are inner and outer zones, respectively, seedling collection sites for bacterial leaf 
spot lesion counts. 
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Fig. 3.2. Humidity treatments of tomato seedlings inoculated with Xanthomonas gardneri. Each colored rectangular represents 
24 hours incubation of seedlings at high (80%, red) or low (30-45%, green) humidity in a growth chamber. 
 
Treatment 
ID
Humidity 
change
High 
humidity 
days
Low 
humidity 
days 1 2 3 4 5 6 7 8
H1 High to Low 1 7
H2 High to Low 2 6
H3 High to Low 3 5
H4 High to Low 4 4
H5 High to Low 5 3
H6 High to Low 6 2
H7 High to Low 7 1
HP High to Low 8 0
L1 Low to High 7 1
L2 Low to High 6 2
L3 Low to High 5 3
L4 Low to High 4 4
L5 Low to High 3 5
L6 Low to High 2 6
L7 Low to High 1 7
LP Low to High 0 8
Days post inoculation
Low Humidity (30-45% RH)
High Humidity (80% RH)
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Fig. 3.3. Comparison of mean numbers of bacterial leaf spot (BLS)-associated lesions per tomato seedling from combined zones 
in 288-cell trays (low seedling density) in Experiment 1.   
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Fig. 3.4. Number of bacterial leaf spot (BLS) lesions per tomato seedling from inner and outer zones of seedling production trays 
with Xanthomonas gardneri inoculated in the center. BLS lesion number was significantly higher from the inner zones than from 
outer zones in Experiment 1 (P < 0.0001) and 2 (P < 0.0001).  
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Fig. 3.5. Main effect of bactericides/plant activator on Xanthomonas gardneri (Xg) populations on tomato seedling surfaces. 
Seedlings treated with Actigard and Aliette had significant lower surface Xg populations than the non-treated control (P = 
0.0026).  
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Fig. 3.6. The  effect of seedling density on the number of bacterial leaf spot (BLS) lesions caused by Xanthomonas gardneri on 
tomato seedlings from inner zones, Experiment 2 (P = 0.025). 
  
0
4
8
12
16
20
288-cell 338-cell
N
u
m
b
er
 o
f 
B
L
S 
le
si
o
n
 p
er
 t
o
m
at
o
 
se
ed
li
n
g
Seedling density
  
 
1
3
6
 
Fig. 3.7. Main effect of seedling density on dry weight of tomato seedlings inoculated with Xanthomonas gardneri. Dry mass of 
seedlings from low seedling density in inner (P = 0.0812), outer (P < 0.0001) and combined zones (P = 0.0318), respectively, 
were significantly higher than seedlings produced in high seedling density trays. 
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Fig. 3.8. Main effect of bactericide/ plant activator on dry mass of tomato seedlings 
inoculated with Xanthomonas gardneri in outer (P = 0.0106) and combined zones (P = 
0.0152), 2013. Dry mass of seedling treated with Kocide (copper hydroxide) was 
significantly higher than that of the non-treated controls. 
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Fig. 3.9. Boxplots represent the daily dynamics of relative humidity, temperature, and 
photosynthetic active radiation (PAR) in March/April/May in the greenhouse in which 
Experiment 2 was conducted on the effect of bactericide/plant activator treatment and 
seedling density. 
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Fig. 3.10. The effect of surfactant and irrigation method on copper recovered from 
vigorous washing. (A) Average recovered copper from each treatment group over time. 
(B) The use of surfactant dramatically decreased the soluble copper recovered on the day 
of copper application (P < 0.0001). (C) The effect of surfactant (Activator 90) on the copper 
washing off (P = 0.0459). The effect of irrigation types on the copper wash-off from 
seedling leaf surfaces at Day 2 (D) (P = 0.0030), and Day 3 (E) (P < 0.0001). Copper decrease 
rate was calculated by dividing the difference of recovered copper concentrations in 
washing solution between Day 0 and Day 2 (or Day 3) over the concentration of recovered 
copper at Day 0. 
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Fig. 3.11. Demonstration of the physical property of the contact angles of different copper 
mix solution. (A) The droplet containing only copper hydroxide (Kocide) and had a larger 
contact angle with the tomato seedling leaf surface than the droplet with copper and 
surfactant (B). The illustration of the concept of contact angle θ was modified from Hazen 
et al., 2000. 
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Fig. 3.12. Scanning electron microscopy (SEM) analysis of tomato leaves treated with a 
droplet of 6 μl copper hydroxide (Kocide) with or without a non-ionic surfactant. (A) 
Before washing, copper hydroxide alone formed a raised structure on the edge of droplets 
associated with high copper concentration. (B) Before washing, copper hydroxide in 
combination with surfactant broke up the copper into small particles. (C) After washing, 
leaves treated with copper hydroxide alone had copper particles along the leaf veins. (D) 
After washing, copper hydroxide in combination with surfactant had small copper 
particles. These copper particles were distributed in a broader area than for copper 
alone(C). (Images by Leona Horst)  
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Fig. 3.13. Analysis of covariance (ANCOVA) proposed two models as in equations and in 
regression lines with a common slope to explain the association between of initial 
humidity at inoculation of Xanthomonas gardneri, high humidity duration (days under 
high humidity) and the development of bacterial leaf spot (BLS) lesions. In equation 
log(N+1) = I + β * H, N is the BLS lesion number, I denotes the intercept responsible for 
each initial humidity condition, β represents the slope associated with high humidity 
duration, H is the number of days inoculated seedlings under high humidity. Boxplots 
represent the data of BLS lesion used to estimate the models from high (red boxplots) 
and low (blue boxplots) initial humidity condition. SE = standard error. 
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Chapter 4. Chemical management of bacterial leaf spot of processing tomatoes in Ohio 
fields 
 
Abstract 
Bacterial leaf spot (BLS) is a serious disease of processing and fresh market tomato 
and pepper globally. A previous survey determined that Xanthomonas gardneri is the 
predominant species that causes BLS on processing tomatoes in Ohio. Field trials were 
carried out in Wooster, OH, in 2011 and 2012, to determine the effect of copper 
hydroxide, copper sulfate, acibenzolar-S-methyl, isothiazolone, kasugamycin with or 
without a non-ionic surfactant (Activator 90) in reducing the intensity of BLS caused by X. 
gardneri in processing tomatoes, along with industry standard and negative controls. In 
2011, both acibenzolar-S-methyl and isothiazolone in combination with surfactant 
significantly reduced the yield of fruits with BLS symptom (by weight) compared to non-
treated controls. No treatment significantly suppressed BLS intensity in 2012. The 
addition of Activator 90 improved the suppression of BLS fruit symptoms by acibenzolar-
S-methyl and copper sulfate in one of two trials. However, treatment with isothiazolone 
plus Activator 90 resulted in more large BLS lesions on fruit in 2012. The percentage of 
fruits with BLS symptoms, foliar BLS severity at the end of field experiment, and disease 
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progression were not affected by the addition of Activator 90 either year. Marketable 
fruit yield reduction was associated with the use of Activator 90 in one of two years.   
 
Introduction 
The total value of the processing tomato (Solanum lycopersicum) industry in Ohio 
ranges from $13 to $17 million (USDA NASS, 1994 - 2014 data). Bacterial leaf spot (BLS) is 
one of the most destructive diseases of processing tomatoes and caused yield loss of 
about 30% in 2010 in Ohio (W. Hirzel, personal communication). Since 2009, the large 
sunken BLS lesions on processing tomato fruits have become a severe problem, since the 
lesions cannot be consistently removed in the processing pipeline. BLS on tomato and 
pepper (Capsicum spp.) is caused by four species of Xanthomonas, namely X. 
euvesicatoria, X. vesicatoria, X. perforans and X. gardneri (Jones et al., 2004). A 4-year 
survey revealed that X. gardneri is the predominant species causing bacterial spot in 
processing tomatoes in Ohio (Chapter 2). The pathogen was first found in the former 
Yugoslavia (Sutic, 1957) and later in Russia (Kornev et al., 2009, Ignatov et al., 2009), 
southwest Indian Ocean regions (Hamza et al., 2010), Brazil (Quezado-Duval et al., 2004), 
Costa Rica (Bouzar et al., 1999), Canada (Cuppels et al., 2006), Pennsylvania (Kim et al., 
2010), Ohio and Michigan (Ma et al., 2010) in the United States. 
The primary source of inoculum of Xanthomonas spp. in northern temperate 
climates is considered to be contaminated seeds (Schuster and Coyne, 1974). Once BLS 
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disease is established in the greenhouse or field, splashing water caused by overhead 
irrigation or rainfall facilitates the movement of bacteria from infected or infested plants 
to healthy plants. Phytopathogenic Xanthomonas spp. can survive and multiply 
epiphytically on plant surfaces for a short time before entering the apoplast through 
natural openings and wounds (Sharon et al., 1981). In the apoplast, bacterial cells multiply 
and interact with plant cells by releasing various effectors and eventually deplete the 
cells. The infected tissue is then withered and epidermal cells are ruptured to release 
bacterial cells for secondary infection (Yang et al., 1994; Boch and Bonas, 2010; Zhang et 
al., 2009; Potnis et al., 2015).  
Field management of BLS has relied heavily on the use of copper formulations 
since the 1920s (Higgins, 1922). The addition of mancozeb (e.g. Manzate, Penncozeb; 
ethylene-bis-dithiocarbamate) to fixed copper bactericides can increase the 
concentration of active copper ions in the mixture for better copper efficacy (Marco and 
Stall, 1983). However, the intensive use of copper-based bactericides has resulted in the 
proliferation of copper insensitivity in bacterial phytopathogens, which has made copper 
less effective against BLS causing-strains (Marco and Stall, 1983; Martin et al., 2004). 
Recent surveys in Ohio and Michigan showed that 98%, 64% and 4% of strains from 
tomato and pepper were insensitive to 30, 100, and 200 μg/ml copper sulfate, 
respectively (Chapter 2). 
Acibenzolar-S-methyl (ASM, Actigard), an analog of salicylic acid, is also used as an 
effective plant activator to control BLS (Louws et al., 2001; Obradovic et al., 2004; Roberts 
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et al., 2008). Like salicylic acid, ASM induces systemic acquired resistance against a wide 
range of plant pathogens (Oostendorp et al., 2001). However, insensitivity to ASM is not 
induced in bacteria because no selection pressure is placed on the pathogen. One 
drawback of ASM is that it may cause phytotoxicity in some tomato seedlings (Louws, et 
al., 2001). A more recently introduced antibiotic, kasugamycin (Kasumin) has been tested 
for efficacy against BLS (Vallad et al., 2010).  It can be used in the greenhouse and field, 
but concerns have been raised for rapid induction of insensitivity in bacterial populations 
to this antibiotic (Vallad et al., 2010). 
 Kathon (5-Chloro-2-methyl-4-isothiazolin-3-one, 2-Methyl-4-isothiazolin-3-one) is 
an isothiazolone biocide used as a preservative in cosmetics and toiletries to prevent 
biodegradation (de Groot and Weyland, 1988). It is a broad-spectrum biocide against 
bacteria and fungi that infiltrates the cells of microorganisms and inhibits multiple 
enzymes involving the citric acid cycle, resulting in growth inhibition and death (Nicoletti 
et al., 1993, Williams, 2007). Knowles (1995) suggested its potential agricultural use in 
preventing biodegradation of long chain non-ionic surfactants.  However, it has not been 
formulated or certified as a bactericide for crop applications. 
 Non-ionic surfactants are the most common agricultural adjuvants used in 
combination with various fungicides, bactericides, fertilizers and herbicides. They 
increase plant surface wettability, cuticle permeability and chemical mixture 
homogeneity (Foy and Pritchard, 1996; Krogh et al., 2003). Activator 90 (belonging to 
alkylphenol ethoxylates and alcohol ethoxylates) and silicone-based Silwet L-77 
 147 
 
(trisiloxane polyethoxylate, belong to alkylphenol ethoxylates) are the most common 
surfactants used in tomato production. The use of surfactants has been proven to reduce 
copper erosion on plant surfaces (Somer, 1956; Hunsche et al., 2011). However, it is 
unknown whether its field use will also facilitate the spread, attachment and penetration 
of pathogenic bacteria. Silwet, for example, is commonly used to facilitate infection of 
tomato plants by bacterial pathogens in experimental systems (Gargantiel and Barredo, 
1978; Lewis Ivey et al., 2014). 
 The present study examined the effect of bactericides and a plant activator 
applied with or without surfactant in suppressing BLS intensity to obtain knowledge for 
field management practices.   
 
Materials and methods 
Bacterial strain and plant materials 
An Ohio strain of Xanthomonas gardneri, SM174-10, isolated from processing 
tomato in Fulton County, was recovered from -80°C on yeast dextrose carbonate agar 
(YDC; yeast extract 10 g/L, dextrose 20 g/L, calcium carbonate 20 g/L, agar 15 g/L). A 4-
day-old culture was diluted in deionized water to 1 × 810 CFU/ml prior to field inoculation. 
Tomato seeds (cv. Heinz 9704, H. J. Heinz Company, Pittsburgh, PA) were sown in plug 
trays filled with Fafard superfine germination mix (Sun Gro Horticulture, Agawarm, MA) 
in a greenhouse at 25/35°C (night/day temperature). Foliar fertilizer (20-20-20 N-P-K, JR 
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Peters Inc., Allentown, PA) was applied weekly for 4 weeks after seed germination. 
Seedlings were watered manually twice a day in the greenhouse. Five-week-old seedlings 
were transferred into the open air for 1 week of acclimatization prior to transplanting.  
 
Evaluation of the effects of bactericides and a plant activator in combination with 
Activator 90 
 Trials were conducted the OSU-OARDC Snyder Farm (Wooster, OH) in 2011 and 
2012. Tomato seedlings were transplanted into soil with starter fertilizer (2.8 g 
N:P:K/9:45:15) per seedling on June 9, 2011, and June 4, 2012 using a tomato 
transplanter. Tomato seedlings were arranged 30.5 cm apart in rows, with 1.52 m 
between rows. In each block, treatment and control rows were separated by a guard row. 
Copper hydroxide (Kocide), copper sulfate (Cuprofix), ASM (Actigard) and isothiazolone 
(Kathon) were evaluated alone or in combination with the surfactant (Activator 90) in 
2011; Kasugamycin (Kasumin) replaced Kathon in 2012 (Table 4.1). A mixture of copper 
hydroxide and ethylenebisdithiocarbamate (Manzate, mancozeb) was included as an 
industry standard. Two additional control treatments were surfactant alone and water. 
Treatments were arranged in a randomized complete block design with four blocks and 
11 levels in each block (Table 4.2). Bactericides and plant activators were prepared in 11.4 
liter tanks with 7.6 liter tap water to reach the mid-rate shown in Table 4.2. The sprayer 
tanks were connected to a tractor-mounted sprayer. The sprayer tanks were pressured 
to 207 kPa for a spray intensity of 518 liter/hectare. Tractor velocity was 4.8 km/h. The 
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first application dates of treatments were June 29 in 2011 and June 23 in 2012. The 
treatment applications were conducted weekly as indicated in Table 4.2 after the first 
application for a maximum of 10 applications. Inoculum of X. gardneri was applied to 
seedlings with the same spray instrument configuration as for treatment application 
between the first and second treatments.  
Bacterial leaf spot severity, based on the percentage of BLS lesion coverage of the 
foliage, including leaves, stems, petioles, petiolules, pedicels and sepals, was evaluated 
weekly from late July to early September in 2011. On September 15, 2011 and September 
6, 2012, tomato fruits were harvested, sorted and weighed. Yields of marketable fruit and 
fruit with bacterial spot lesions were recorded. Bacterial lesions on fruits were examined. 
Each lesion was sorted into two groups: large lesions (diameter > 3 mm) and small lesions 
(diameter < 3 mm). The percentage of large lesion in total lesion number on fruits from 
each treatment was computed and arcsine-square-root transformed to stabilize the 
variance. Data on foliar BLS symptom progress, tomato yield, and fruit lesion sizes were 
analyzed with PROC GLIMMIX in SAS 9.2 (SAS Institute Inc., Cary, NC). The means were 
separated with LSMEANS in SAS. Contrast analyses were conducted by ESTIMATE in SAS 
to compare the net effect contributed by surfactant in controlling BLS. In addition, the 
efficacy difference between the copper sulfate and copper hydroxide, and the overall 
suppression of BLS contributed by treatments with two copper formulations with or 
without the surfactant-Activator 90, in comparison to the negative controls (water control 
and Activator 90 only treatment) were determined by contrast analyses. The null 
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hypothesis was rejected when probability value was less than α = 0.1. Daily average 
relative humidity, temperature and precipitation in Wooster was monitored and recorded 
by the OARDC weather system (http://www.oardc.ohio-
state.edu/newweather/default.asp). 
 
Results 
The daily relative humidity between June 1 and September 1 fluctuated between 
60% and 90% in both 2011 and 2012. Precipitation events occurred in 37 and 31 days out 
of the 92 days between June 1 and August 31 in 2011 and 2012, respectively (Fig. 4.1). 
During this period, precipitation events were always associated with high daily average 
relative humidity (80-90%). However, high daily average relative humidity was also 
observed on days without precipitation (Fig. 4.1). 
Generally, BLS disease intensity was higher in 2012 than in 2011. In 2011 
significant effects of bactericides and a plant activator were observed in the yield (by 
weight) of tomato fruit with bacterial spot (P = 0.0151) and the percentage of fruit with 
bacteria spot symptoms (P = 0.0128, Table 4.3). However, these results were not 
reproduced in 2012. In 2011, ASM (Actigard) and isothiazolone (Kathon), in combination 
with Activator 90, significantly reduced the yield of fruit with bacterial spot lesions 
compared to the negative controls (Table 4.3; Fig. 4.2). The industry standard treatment 
(copper plus mancozeb) did not decrease the yield of fruit with bacterial spot lesions 
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relative to the negative controls. ASM, with added surfactant, was the only treatment 
that decreased the percentage of fruit with bacterial spot lesions (by weight) relative to 
the negative controls (Table 4.3; Fig. 4.2). On the contrary, treatment with copper 
hydroxide plus added surfactant resulted in a higher percentage of fruit with lesions (by 
weight) than in the controls. Similarly, the industry standard treatment did not decrease 
the percentage of fruit with bacterial spot, and was much less effective than copper 
hydroxide alone, ASM with surfactant, and isothiazolone with surfactant (Table 4.3; Fig. 
4.2). Marketable yield, disease severity (last-day evaluation), disease progress (area under 
disease progress curve, AUDPC), and percentage of large lesions were not significantly 
different after treatment with various bactericides or ASM, with or without Activator 90. 
The contrast analysis showed that treatment with ASM amended with Activator 
90 significantly reduced the yield of fruit with bacterial spot lesions compared to 
treatment with ASM alone in 2011 (P = 0.0332) but not in 2012 (Table 4.4). Treatment 
with ASM plus surfactant significantly reduced the number of large fruit lesions in 
comparison to ASM treatment alone in 2012 (P = 0.0067, Table 4.4). Treatment with 
copper hydroxide plus surfactant resulted in lower yield of fruit with lesions than 
treatment with copper hydroxide alone in one of the two years (P = 0.0265, Table 4.4). 
However, the surfactant did not significantly affect the percentage of fruit with lesions, 
foliar BLS severity at the end of field experiment, and BLS foliar disease progress in either 
year (Table 4.4). On the other hand, the application of isothiazolone plus the surfactant 
increased the percentage of large lesions relative to isothiazolone applied alone in 2011 
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(P = 0.0908). In 2011, marketable yield of plants treated with copper sulfate (P = 0.0202) 
plus surfactant was reduced compared to plants treated with this product without 
surfactant (Table 4.4). On average in 2011, tomatoes treated with products amended with 
surfactant produced lower marketable yields than those treated with the same products 
without surfactant (P = 0.0644, Table 4.4).  
In 2011, the average yield of fruits with bacterial spot symptoms was reduced 
when the plants were treated with bactericides or ASM plus surfactant in comparison to 
industry standard (P = 0.0771, Table 4.4). In 2012, compared to water controls, plants 
treated with bactericides/ASM had lower foliar disease progress (P = 0.0301 with 
Activator 90, P = 0.0971 without Activator 90), and lower foliar BLS severity at the end of 
experiment (P = 0.0653 with Activator 90, P = 0.0782 without Activator 90, Table 4.4). 
Compared to plants treated with the industry standard, those treated with 
bactericides/ASM plus Activator 90 exhibited similar foliar BLS progress (P = 0.1356) but 
higher foliar severity at the end of experiment (P = 0.0782, Table 4.4). Treatments with 
bactericides/ASM without Activator 90, on average, resulted in higher foliar disease 
progress (P = 0.0446) and higher foliar BLS severity at the end of the experiment (P = 
0.0653) than the industry standard treatment.  
In 2011, foliar BLS severity at the end of the field experiment and disease progress 
were reduced by the application of copper products in 2012 relative to negative controls 
(Fig. 4.5). The use of copper hydroxide resulted in a higher yield of fruit with bacterial spot 
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lesions (by weight) and a higher percentage of fruit with lesions (by weight), relative to 
the use of copper sulfate (Fig. 4.5). However, this result was not repeated in 2012.  
 
Discussion 
Precipitation events and field humidity are the main factors conducive to the 
dispersal and epiphytic survival of Xanthomonas spp. The reason that average daily 
relative humidity was always above 60% is probable due to consistently high night-time 
relative humidity. Increasing relative humidity was associated with rainy and overcast 
weather. In 2012, consecutive 5-day precipitation events were observed 1 week post 
inoculation, while there were only three discrete rainy days within the 20 days post 
inoculation in 2011. This could be one reason the BLS epidemic in 2012 was much more 
severe than 2011. 
Fixed copper products are the industry standard treatment for BLS. In this 2-year 
field trial, we evaluated the efficacy of copper in suppressing BLS caused by X. gardneri, 
the predominant species causing this disease of processing tomatoes in Ohio (Chapter 2). 
Neither individual copper treatment effectively suppressed BLS development. The 
contrast analyses showed that copper treatments did not significantly reduce the yield of 
fruit with bacterial spot lesions or the percentage of fruit with lesions, but did reduced 
foliar BLS severity relative to the negative controls.  
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The limited effectiveness of copper could be explained by at least two reasons. 
First, the X. gardneri strain SM174-10 used in this study was insensitive to copper up to 
100 µg/ml copper sulfate (Chapter 2). Copper has been used in controlling BLS of tomato 
since the 1920s (Higgins, 1922). However, the proliferation of copper-insensitive strains 
of Xanthomonas has made copper applications much less effective (Marco and Stall, 
1983; Martin et al., 2004). Limited efficacy of copper applications was observed in recent 
Ohio field trials with processing tomatoes (Miller et al., 2009; Miller and Mera, 2011). 
Among all the Xanthomonas spp. collected between 2010 and 2013 in Ohio and Michigan 
fields, 68% were insensitive to copper sulfate at 100 μg/ml (Chapter 2).  
The second reason is that the active soluble copper concentration on tomato 
plants may be much lower than that in the tank mixture. The copper concentration in the 
tank was 972 µg/ml at the mid-label rate recommended by the manufacturers. However, 
a considerable part of the initial copper deposited on leaf surface is in the form of large 
particles, which can be washed away easily (Hislop and Cox, 1970). A previous study 
showed that increasing the initial copper deposit on plant leaves does not lead to higher 
concentrations of soluble copper in the runoff water but more insoluble suspended 
copper particles (Rudgard et al., 1990). Therefore, simply adding more copper hydroxide 
in the tank mix may not increase active copper ions due to insolubility. However, 
increasing the volume of the solution for the same amount of copper may result in more 
active copper ions.  This spray technique certainly will need further verification. The 
different disease-suppressive effects contributed by copper hydroxide and copper sulfate 
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in 2011 suggest that future research is needed to characterize the properties of the two 
copper formulations. 
Poor plant surface retention of copper products could also contribute to their 
ineffectiveness. Optimal inhibitory effects of copper on bacterial phytopathogens can be 
achieved by a proper balance between surface retention and redistribution of copper 
(Mabbett, 2012). Low surface retention leads to rapid erosion of copper deposits, which 
can be reduced by using non-ionic surfactants due to altered plant surface physical 
characteristics (Somers, 1956; Rudgard et al., 1990; Hunsche et al., 2011). Our previous 
study revealed a rapid erosion of copper on tomato seedlings after copper application 
(Chapter 2). In addition, when suspended in water, copper can spread to a larger area in 
the presence of ethoxylated seed oil-based or silicon-based surfactants (Orbovic et al., 
2007, Hunsche et al., 2011). After water evaporates, copper recrystallizes into particles 
and eventually covers a smaller area than the initial area (Hunsche et al., 2011). 
Therefore, copper redistribution to unprotected areas is critical to achieve maximum 
protection. When the surface retention is too high, the redistribution of copper can be 
limited (Mabbett, 2012). We found that the non-ionic surfactant, Activator 90 
(alkylphenol ethoxylate, alcohol ethoxylate and tall oil fatty acid) improved the 
performance of copper hydroxide in suppressing bacterial spot lesion development in 
fruit in one of two years. This could be the result of the addition of the surfactant, which 
altered the leaf surface retention of copper. 
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Aside from its effect on increasing bactericide retention, surfactants are known to 
increase the penetration and absorption of herbicides and fertilizers (Kraemer et al., 
2009a; Kraemer et al., 2009b). Thus, there is a concern that the use of surfactant may 
facilitate the invasion of phytopathogenic bacteria into plant tissue. The application of 
surfactant plus kasugamycin did not suppress BLS in Ontario, Canada (Trueman, 2013). 
But there were no previous studies focusing on the net effect of surfactant. Our results 
showed that the surfactant, Activator 90, did not significantly affect the percentage of 
fruit with bacterial spot lesions, foliar BLS severity at the end of field experiment, or BLS 
foliar disease progress in either year. However, treatment of tomatoes with ASM or 
isothiazolone mixed with Activator 90 resulted in BLS suppression relative to non-treated 
controls. The addition of the surfactant to ASM reduced the yield of fruit with bacterial 
spot lesions, while the addition of surfactant to isothiazolone increased the percentage 
of large bacterial spot lesions on fruit. Reduction in marketable yield associated with the 
use of surfactant was observed in one year of this study. 
The plant activator ASM, in combination with surfactant, provided noticeable 
suppression of bacterial spot lesion development on fruit in one of two years in the field. 
ASM, structurally analogous to salicylic acid, is a plant activator that induces plant 
systemic acquired resistance (Oostendorp et al., 2001). It does not have a biocidal effect 
on microorganisms and thus does not incite bacterial insensitivity. ASM has shown 
equivalent or better control relative to copper in a series of multi-state studies but also 
provoked concerns about phytotoxicity in seedlings (Louws et al, 2001). In Georgia, a 
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program incorporating ASM, copper, and mancozeb suppressed bacterial leaf spot in 
pepper (Garton et al., 2007; Sanders and Langston, 2009). Our previous study showed 
that ASM could be used in the seedling production to reduce disease pressure (Chapter 
3). With the proliferation of copper-insensitive Xanthomonas strains, ASM becomes 
increasingly important for management of BLS. There have been no studies on 
interactions between surfactants and other bactericides or plant activators. Therefore, 
further research focusing on the mechanism of the interaction of ASM and surfactant may 
be conducted to gain more knowledge to guide growers’ practices in using plant 
activators. 
Isothiazolone has been used as a preservative in cosmetics, and is considered an 
efficient biocidal agent. However, it is not formulated for agriculture applications (de 
Groot and Weyland, 1988). In this study, isothiazolone reduced yield of fruits with 
bacterial spot symptoms in 2011 only when combined with surfactant, which indicates 
that the suitability of isothiazolone for plant protection could be improved by proper 
formulation. The multi-site mode of action of isothiazolone suggests that it may induce 
insensitivity in bacteria less rapidly than copper and antibiotics (Nicoletti et al., 1993, 
Williams, 2007). However, its effectiveness and duration on plant surfaces need further 
examination. Other factors such as price and compatibility with other products must be 
considered prior to its application in agriculture. Reports of allergies associated with 
isothiazolone in cosmetics have been issued in the past (Bjorkner et al., 1986). Hence, the 
safety of this chemical for use in agriculture also needs to be evaluated.  
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The proliferation of copper-insensitive Xanthomonas spp. requires copper 
alternatives, or management programs that incorporate different antibacterial products 
or resistance inducers. The rainy growing seasons and high humidity in the Midwest make 
it difficult to manage bacterial leaf spot in processing tomatoes in the field. Therefore, 
aside from improving product efficacy in the field, it is plausible to invest money and time 
to develop better practices during seedling production and seed sanitation to prevent the 
disease from establishing in the field. 
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Table 4.1. Bactericides, plant activators, and fungicides used in bacterial leaf 
spot management field trial, 2011-2012 
Commercial name Active ingredient 
Kocide® 3000 Copper hydroxide 
Cuprofix® Ultra 40  Copper sulfate 
Actigard® 50 Acibenzolar-S-methyl 
KathonTM Isothiazolone (5-Chloro-2-methyl-4-
isothiazolin-3-one,  2-Methyl-4-
isothiazolin-3-one) 
Kasumin 2L Kasugamycin hydrochloride 2% 
Activator 90 Alkylphenol ethoxylate, alcohol 
ethoxylate and tall oil fatty acid 
Manzate® Zinc ion and manganese 
ethylenebisdithiocarbamate 
(Cover spray)   
Bravo Ultrex® Chlorothalonil 
Quandris®  Azoxystrobin 
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Table. 4.2. Bactericides and programs for bacterial leaf spot management in the 
field, Wooster OH, 2011-2012 
Treatment ID Commercial name Ratea     
1 Kocide 1.68 kg/hectare (1-10)b 
2 Kocide 1.68 kg/hectare (1-10) 
  Activator 90 0.125% in tank mix (1-10) 
          
3 Cuprofix  1.26 kg/hectare (1-10) 
4 Cuprofix 1.26 kg/hectare (1-10) 
  Activator 90 0.125% in tank mix (1-10) 
          
5 Actigard 35 g/hectare(1, 2), followed by 53 
g/hectare (3-8) 
6 Actigard 35 g/hectare(1, 2), followed by 53 
g/hectare (3-8) 
  Activator 90 0.125% in tank mix (1-8) 
          
7 (2011)c Kathon 100 ppm in tank mix (1-10) 
8 (2011) Kathon 100 ppm in tank mix (1-10) 
  Activator 90 0.125% in tank mix (1-10) 
          
7 (2012) Actigard 50WG 35 g/hectare (1),  53 g/hectare (3, 
5, 7) 
  Kocide 3000 1.68 kg/hectare (2, 3, 5, 6, 8, 9) 
  Kasumin 2L 100 ppm in tank mix (1, 4, 7, 10) 
8 (2012) Actigard 35 g/hectare (1),  53 g/hectare (3, 
5, 7) 
  Kocide 1.68 kg/hectare (2, 3, 5, 6, 8, 9) 
  Kasumin 2L 100 ppm in tank mix (1, 4, 7, 10) 
  Activator 90 0.125% in tank mix (1-10) 
          
9 Activator 90 0.125% in tank mix (1-10) 
          
10 Kocide 1.68 kg/hectare (1-10) 
  Manzate 2.24 kg/hectare (1-10) 
          
11 Non-treated control       
          
Cover spray Bravo Ultrex 1.68 Kg/hectare (1, 3, 5, 7, 9) 
  Quadris 409 ml/hectare (2, 4, 6, 8, 10) 
a Tractor mounted sprayer was adjusted to 518 liter/hectare at 207 kPa spray pressure. 
b Numbers indicates the time of weekly agrochemical application. The first application days were Jun 29 in 
2011 and Jun 23 in 2012. 
c Different products were applied in 2011 and 2012 for treatments 7 and 8. 
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Table. 4.3. Effects of bactericides/plant activators on bacterial leaf spot suppression, 
lesion sizes, and marketable yield of processing tomatoes 
 
a Last-day evaluations were carried on Sep 6 in 2011, Sep 7 in 2012.  
b Area under disease progress curve (AUDPC) was calculated from multiple evaluations 
of BLS foliar severity during the growing season with the formula Σ(yi +yi+1)Δt/2, where 
y represents for the severity, and Δt represents the days between the two evaluations.  
c Large lesions are BLS lesions larger than 3 mm with a depressed center and ruptured 
edges.  
d P values in bold indicates significance (P < 0.1). 
 
Treatment
2011 Mean SE Mean SE Mea
n
SE Mean SE Mea
n
SE Mean SE
Kocide
7.8 1.5 ab 78.0 5.8 6.3 0.9 ab 52.5 4.3 1678 72 77.1 5.4
Kocide + Activator 90 12.4 2.7 a 77.4 9.3 9.1 1.2 a 51.3 1.3 1678 105 60.4 10.2
Cuprofix 5.6 2.4 bc 110.7 7.0 3.4 1.5 def 48.8 2.4 1740 55 65.4 9.6
Cuprofix + Activator 90
6.8 1.7 ab 75.8 1.7 5.2 1.2 bcd 53.8 6.3 1714 171 80.7 5.6
Actigard 5.3 1.2 bc 107.4 15.7 3.1 0.6 cdef 57.5 3.2 1600 151 71.7 6.1
Actigard + Activator 90 2.2 0.6 d 86.1 12.4 1.8 0.7 f 55.0 4.6 1605 83 74.7 5.3
Kathon 5.3 0.8 bc 86.7 6.2 3.8 0.7 bcdef 56.3 2.4 1720 78 81.4 3.9
Kathon + Activator 90 3.0 0.9 cd 79.1 11.2 2.2 0.4 ef 61.3 3.8 1851 132 91.1 6.5
Activator 90
6.3 1.8 ab 93.9 12.5 4.8 1.7 bcde 55.0 2.0 1720 25 68.8 9.7
Kocide + Manzate
10.7 4.2 ab 94.3 8.1 6.7 2.6 abc 50.0 2.0 1733 80 76.4 8.8
Non-treated control
6.8 1.9 ab 84.7 4.3 4.8 1.3 bcde 53.8 4.7 1670 78 71.0 8.7
2012
Kocide 26.1 3.8 39.5 11.8 37.3 6.8 73.8 6.6 1889 260 82.6 6.1
Kocide + Activator 90 16.2 1.6 42.0 9.6 26.2 5.6 81.3 9.0 1779 302 82.3 3.7
Cuprofix 26.4 2.7 47.0 13.6 36.1 9.2 65.0 7.9 1514 163 86.5 1.8
Cuprofix + Activator 90 20.6 1.9 46.5 8.4 28.2 4.2 70.0 8.4 1581 189 90.3 2.4
Actigard 20.0 1.9 42.8 13.0 28.1 4.2 80.0 6.1 1906 249 93.5 2.0
Actigard + Activator 90 21.1 1.6 39.6 9.2 31.5 3.2 66.3 4.7 1570 189 74.1 8.0
Actigard/Kocide/Kasumin 12.8 1.7 45.3 9.4 21.2 4.9 80.0 10.2 1821 269 87.4 2.3
Actigard/Kocide/Kasumin 
+ Activator 90 16.9 4.9 31.2 6.5 28.9 7.8 78.8 6.6 1670 202 82.0 5.0
Activator 90 18.2 2.4 31.5 8.4 34.8 4.3 81.8 4.5 1853 234 87.8 5.1
Kocide + Manzate 17.5 4.3 56.5 12.1 23.3 8.0 61.3 6.9 1287 181 84.2 4.9
Non-treated control 19.2 4.0 30.9 2.2 31.2 4.3 87.5 4.3 2188 70 85.5 4.0
P = 0.1003 P = 0.6898
P = 0.6998 P = 0.1225
P = 0.8107 P = 0.1101 P = 0.2701
BLS yield 
(tonne / 
hectare)
Marketable 
yield (tonne / 
hectare)
Percentage of 
BLS fruit 
weight(%)
Last-day 
evaluation of 
foliar BLS 
severitya
BLS progress 
(AUDPC)b
Percentage of 
large lesions 
(%)c
P = 0.3764
P = 0.0151d P = 0.2143 P = 0.0128 P = 0.5122
  
 
1
6
6
 
Table 4.4. Effect of the surfactant (Activator 90) on bacterial leaf spot suppression, lesion size in processing tomatoes with orthogonal 
contrasts  
 
a Est. = estimate. P = probability value. Asterisks indicate significant difference (P < 0.1).     
b Area under disease progress curve (AUDPC) was calculated from multiple evaluations of BLS foliar severity during the growing season with the formula 
Σ(yi +yi+1)Δt/2, where y represents for the severity, and Δt represents the days between the two evaluations. 
c Large lesions are BLS lesions larger than 3 mm with a depressed center and ruptured edges. 
2011 Est. P Est. P Est. P Est. P Est. P Est. P
Kocide vs Kocide+surfactant -4.53 0.3173 0.7 0.8523 -2.83 0.2244 1.25 0.8104 0 0.9971 0.179 0.1834
Cuprofix vs Cuprofix+surfactant -1.18 0.3682 35.0 0.0202 * -1.87 0.2058 -5.00 0.3403 25 0.8264 -0.181 0.1777
Actigard vs Actigard+surfactant 3.15 0.0332 * 21.3 0.1742 1.36 0.2607 2.50 0.6317 -5 0.9638 -0.035 0.7927
Kathon vs Kathon+surfactat 2.25 0.1250 7.5 0.4362 1.60 0.2791 -5.00 0.3403 -131 0.2617 -0.229 0.0908 *
Water control vs surf control 0.43 0.8627 -9.2 0.6027 0.02 0.8907 -1.25 0.8104 -49 0.6697 0.019 0.8841
Without surfactant vs With surfactant 0.03 0.3676 11.1 0.0644 * -0.34 0.9485 -1.50 0.5208 -32 0.5353 -0.049 0.4067
Without surfactant vs Industry standard -4.69 0.2260 1.4 0.9624 -2.55 0.1632 3.75 0.3653 -49 0.5917 -0.041 0.6994
With surfactant vs Industry strandard -4.62 0.0771 * -14.7 0.1505 -2.12 0.1905 5.31 0.2025 -21 0.8158 0.026 0.8032
Wthout surfactant vs Water control -0.74 0.7209 11.0 0.3989 -0.66 0.6078 0.00 1.0000 14 0.8802 0.034 0.7477
With surfactant vs Water control -0.67 0.3484 -5.1 0.5109 -0.23 0.6712 1.56 0.7046 42 0.6494 0.100 0.3415
2012
Kocide vs Kocide+surfactant 9.95 0.0265 * -2.5 0.7748 11.05 0.2001 -7.50 0.4059 110 0.7157 0.033 0.7232
Cuprofix vs Cuprofix+surfactant 5.88 0.1794 0.5 0.7877 7.93 0.3553 -5.00 0.5784 -67 0.8241 -0.064 0.4998
Actigard vs Actigard+surfactant -1.08 0.8034 3.2 0.9329 -3.43 0.6879 13.75 0.1324 337 0.2699 0.271 0.0067 *
Actigard/Kocide/Kasumin vs 
Actigard/Kocide/Kasumin+surfactant
-4.18 0.3367 14.1 0.2929 -7.78 0.3643 1.25 0.8893 151 0.6174 0.066 0.4869
Water control vs surf control 1.03 0.8123 -0.6 0.8268 -3.53 0.6794 5.75 0.5231 335 0.2727 -0.046 0.6246
Without surfactant vs With surfactant 2.32 0.2344 3.0 0.7180 0.85 0.8235 1.65 0.6814 173 0.2060 0.052 0.2229
Without surfactant vs Industry standard 3.87 0.2614 -12.8 0.2592 7.39 0.2765 13.44 0.0653 * 496 0.0446 * 0.051 0.4924
With surfactant vs Industry strandard 1.23 0.7198 -16.7 0.1907 5.45 0.4206 12.81 0.0782 * 363 0.1356 -0.025 0.7357
Wthout surfactant vs Water control 2.12 0.5358 12.7 0.4027 -0.58 0.9312 -12.81 0.0782 * -405 0.0971 * 0.036 0.6338
With surfactant vs Water control -0.53 0.8777 8.9 0.5139 -2.53 0.7080 -13.44 0.0653 * -538 0.0301 * -0.041 0.5835
Percent of large 
lesion numberc
BLS fruit yielda 
(tonne/hectare)
Marketable yield 
(tonne/hectare)
Percent BLS fruit 
weight (%)
Last-day severity 
evaluation (%)
Disease progress 
(AUDPC)b
  
 
1
6
7
 
Table 4.5. Comparisons between two formulations of copper, and between copper treatment and controls on bacterial leaf spot 
suppression and lesion size in processing tomatoes with orthogonal contrast analyses 
 
 
a Est. = estimate. P = probability value. Asterisks indicate significant difference (P < 0.1).     
b Area under disease progress curve (AUDPC) was calculated from multiple evaluations of BLS leaf lesion severity during the 
growing season with the formula Σ(yi +yi+1)Δt/2, where y represents for the severity, and Δt represents the days between the 
two evaluations. 
c Large lesions are BLS lesions larger than 3 mm with a depressed center and ruptured edges. 
 
 
2011 Est. P Est. P Est. P Est. P Est. P Est. P
Kocide VS 
Cuprofix
3.90 0.0638 * -15.6 0.1081 3.39 0.0140 * 0.63 0.8652 -49 0.5523 -0.055 0.5558
Copper treatment 
VS Controls
1.60 0.3698 -3.8 0.6431 1.20 0.2991 -2.81 0.3806 7 0.9176 0.015 0.8505
2012
Kocide VS 
Cuprofix
-2.36 0.4409 -5.9 0.5561 -0.39 0.9487 10.00 0.1221 287 0.1860 -0.070 0.2967
Copper treatment 
VS Controls
3.62 0.1769 12.5 0.1567 -1.07 0.8377 -12.13 0.0334 * -330 0.0820 * -0.020 0.7248
BLS fruit 
yielda (tonne 
/ hectare)
Marketable 
yield (tonne / 
hectare)
Percent BLS 
fruit weight 
(%)
Last-day 
severity 
evaluation (%)
Disease 
progress 
(AUDPC)b
Percent of 
large lesion 
numberc (%)
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Fig. 4.1. Average relative humidity and precipitation from June 1 to August 31 in Snyder 
Farm, Wooster, OH. Precipitation data includes precipitation intensity (blue line) and 
occurrence (black dots). Each black dot represents that a precipitation event that 
occurred on that day. The green vertical dashed line indicates the day tomato plants 
were inoculated with Xanthomonas gardneri. 
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Fig. 4.2 Effects of bactericides/plant activators on suppression of bacterial leaf spot (BLS) 
lesion development on processing tomato fruit. Means for treatments with same letters 
are not significantly different. 
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Chapter 5: Efficacy of strobe light treatments in controlling bacterial leaf spot of 
tomato 
 
Abstract 
 Bacterial leaf spot (BLS) is a serious disease of processing and fresh market 
tomatoes in the US Midwest and rainy temperate regions globally. Xanthomonas gardneri 
is the predominant causal agent of the disease in Ohio. Copper-based bactericides have 
been used extensively to manage BLS. However, alternatives are needed due to the 
increasing copper insensitivity in the pathogen, lack of copper tenacity on leaves, and 
environmental concerns due to overuse of copper. The effects of colored pulsed xenon 
lights on suppression of tomato BLS caused by X. gardneri were tested. Blue strobe light 
treatment suppressed bacterial populations on seedlings in one of two experiments. Blue, 
amber, and red strobe light treatments during seedling development reduced the 
percentage of tomato fruits with large bacterial spot lesions in the field in 2013. However, 
BLS foliar severity was higher in the plants that indirectly received inoculum and were 
treated with blue light as seedlings in 2014 than in the controls. Most light treatments 
reduced seedling height; blue light had the most significant impact on seedling growth, 
including reduced seedling height and increased dry weight. 
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Introduction 
 The tomato (Solanum lycopersicum) production area comprising Ohio, Michigan 
and Indiana contributed a value of $17.0M in processing tomato and $34.9M in the fresh 
market tomato sector in 2014 (USDA NASS, 2015). In 2009, growers of processing 
tomatoes in Ohio noticed a new type of bacterial leaf spot lesions on tomatoes that were 
larger and deeper than those of previous years. These lesions could not be easily removed 
during peeling in the canning pipeline. There is no automated method to sort out spotted 
fruit, while hand sorting is labor intensive and not practical. As a result, canning 
companies rejected whole batches containing too many fruits with bacterial leaf spot 
lesions. Therefore, bacterial leaf spot caused losses equivalent to 30% of the total yield of 
Ohio processing tomato in 2010 (William Hirzel, personal communication). 
 Bacterial leaf spot is caused by four Xanthomonas spp., namely, X. euvesicatoria, 
X. vesicatoria, X. perforans, and X. gardneri (Jones et al., 2004). Among the four species, 
X. gardneri was first reported in the former Yugoslavia (Sutic, 1957). To date, X. gardneri 
has been reported in the Russian Federation (Kornev et al., 2009; Ignatov et al., 2009), 
southwest Indian Ocean territories (Hamza et al., 2010), Brazil (Quezado-Duval et al., 
2004), Costa Rica (Bouzar et al., 1999), and Canada (Cuppel et al., 2006). Xanthomonas 
gardneri was first found in the US in a 1995 outbreak in Pennsylvania (Kim et al., 2010), 
then in Ohio and Michigan (Ma et al., 2011). Xanthomonas gardneri is currently the 
predominant species causing BLS in processing and fresh market tomato in Ohio (Chapter 
2). 
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 Current attempts to manage BLS in the greenhouse during seedling production 
and in the field relies heavily on the use of fixed copper bactericides. As a result, the 
proliferation of copper-insensitive strains has led to severely reduced efficacy of these 
treatments (Marco and Stall, 1983; Martin et al., 2004). Streptomycin was considered 
effective against BLS for a short period before insensitive strains emerged (Minsavage et 
al., 1990). The plant activator acibenzolar-S-methyl (ASM) has been demonstrated to 
provide equal or better control of BLS in than copper (Louws et al., 2001). However, 
phytotoxicity in seedlings and yield drag in tomatoes treated with ASM have been a 
concern, although significant effects have not been substantiated (Louws et al., 2001). 
Innovative disease control methods such as bacteriophage and TiO2 photocatalyzer have 
been developed, but they are not practical for most growers and not uniformly effective 
against BLS (Obradovic et al., 2004; Paret et al., 2012). Therefore, new treatment methods 
are needed as alternatives.  
Strobe light treatment has the potential to become an alternative or adjunct to 
current BLS management approaches, since it may influence the plant and pathogen 
interaction in three ways: photosynthesis, resistance induction, and UV sanitation. 
Additional light can affect photosynthesis, which may contribute to a stronger innate 
resistance of the treated plant. Pulsed light provides higher photosynthetic efficiency for 
plants than standard light because light reactions become saturated and inefficient in an 
environment with excess photons (Osmond and Grace, 1995). Therefore, researchers 
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have investigated the use of intermittent light flashes to optimize the use of light energy 
(Phillips and Myers, 1954). 
 Secondly, light pulses may induce resistance in plants. There are three types of 
photoreceptors in plant cells: phytochromes (PHY), cryptochromes (CRY) and 
phototropins (PHOT) (Briggs et al., 2001). The red light photoreceptor, PHY, was found to 
interact with the salicylic acid-dependent signal transduction pathway, which is essential 
for systemic acquired resistance (Genoud et al., 2002). In Arabidopsis, mutations in PHYA 
and PHYB genes suppressed the expression of a hypersensitive reaction when Arabidopsis 
was challenged with an incompatible pathogen (Genoud et al., 2002). Red light treatment 
was applied to suppress Phytophthora capsici in seedlings of pepper, pumpkins, and 
tomato (Islam et al., 1998 and 2002). Red light-treated Arabidopsis has demonstrated 
systemic acquired resistance against root knot nematode (Meloidogyne javanica) and 
Pseudomonas syringae pv. tomato (Islam et al., 2008). The blue light photoreceptors CRY 
and PHOT have been shown recently to mediate viral defense in Arabidopsis (Jeong et al., 
2010b). Specifically, CRY2 and PHOT2 in Arabidopsis are essential for the stability of the R 
gene that confers resistance to Turnip crinkle virus (Jeong et al., 2010a). In addition, the 
imbalanced excitement of photosynthetic system I (far red receptor) and photosynthetic 
system II (orange/red receptor) can result in an increase in reactive oxygen species in 
Arabidopsis as in hypersensitive reactions (Karpinski et al., 1999). 
 Thirdly, pulsed light can provide more ultraviolet (UV) (100-400 nm) radiation to 
plants than non-pulsed light. Compared to continuous wave (CW) light, which converts 
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4% to 8% of the energy into light below 400 nm, pulsed light converts 40% (Capobianco, 
2006). Furthermore, pulsed light intensity and UV light richness can be enhanced by 
increasing the capacitor discharge voltage (Vanyukov and Mak, 1958). UV radiation 
interferes with DNA replication and transcription by inducing the formation of thymine 
dimers in DNA. Evidence indicates the effectiveness of UV in suppressing pathogen 
growth. Gómez-López et al. (2005) treated various vegetables with 7 J cm-2 s-1 per pulse 
from 45s to 180s depending on weight of vegetables to reduce surface micro-organisms. 
Rowan et al. (1999) achieved 2 and 6 log10 order reductions of food industry 
microorganisms on solid agar, including Listeria monocytogenes, Escherichia coli, 
Salmonella enteritidis, Pseudomonas aeruginosa, Bacillus cereus, and Staphylococcus 
aureus, with 200 low or high UV content light pulses, respectively. Sharma and Demirci 
(2003) controlled E. coli O157:H7 on alfalfa seeds surface with 270 pulses 5.6 J cm-2 s-1 in 
90 seconds. Higher than 4 log10 CFUs (Colony Forming Units) per gram seed reductions 
were achieved in 1.02 to 6.25 mm thick layers of seeds (Sharma and Demirci, 2003). 
Among light sources of UV, the pulsed xenon tube has higher energy efficiency and lower 
environmental hazard relative to the CW xenon tube (Ryan et al., 2010). 
A vegetable grower in Bowling Green, Ohio, developed a system employing strobe 
lights (LP3M, Federal Signal Corporation, Oak Brook, IL) for supplemental greenhouse 
lighting (R. Bostdorff, personal communication). Strobe lights employ a pulsed xenon light 
tube housed in a colored lens to generate high intensive, short duration light. Specifically, 
electrical energy is stored in a capacitor to a critical level then discharged to ionize the 
 175 
 
xenon gas in the flash tube; the resulting ionized xenon gas initiates a heating phase 
followed by a decay phase. The two phases are completed in milliseconds. In the decay 
phase, xenon converts electrical energy to radiant energy to generate light close to 
daylight color. 
 In this study, the use of colored strobe lights in the greenhouse to reduce bacterial 
leaf spot intensity and X. gardneri population increase in seedlings, as well as their effects 
on seedling growth was examined. Red, blue, green, amber and clear strobe lights were 
used. After light treatment and bacterial inoculation, seedlings were transplanted into the 
field. Foliar and fruit disease severity, yield and lesion type were assessed. 
 
Materials and methods 
Xanthomonas gardneri strain SM174-10 was plated on glucose nutrient agar 
(GNA, peptone 5 g/L, beef extract 3 g/L, agar 15 g/L, 0.5% glucose) amended with 100 
ppm rifampicin to generate rifampicin resistant strain SM174rifR. Bacteria were streaked 
onto GNA with 100 µg/ml rifampicin and maintained at room temperature for 4 days prior 
to inoculation with X. gardneri cells diluted with deionized water to 107 CFU/ml (O.D.600nm 
= 0.2).  
 Light isolation boxes 152 cm long, 61 cm wide and 122 cm high were built using 
1.27 cm diameter PVC pipes (Fig. 5.1). The four walls of the light isolation boxes were 
covered with black ground cover fabric in 2013, and black on white cover in 2014 to 
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induce more diffuse reflection of light inside the boxes. A strobe light (LP3M, Federal 
Signal Corporation, Oak Brook, IL) of the selected color was fixed on the ceiling of the box, 
122 cm above the seedlings. The xenon strobe tube radiated light intensity peaked at 
175000 Candela with flashing frequency of 85 ± 15 per minute, releasing 2.2 Joule energy 
per flash, equivalent to 0.16 Joule·m-2·s-1. Red, blue, amber, and green lenses were used 
for the strobe light along with the untreated control (no strobe light in the box) with three 
replications in 2013. The light treatments were arranged in a completely randomized 
design. Red, blue, and clear lenses and the control with four replications were used in 
2014. A four-by-four Latin square design was employed in 2014.  
Processing tomato seeds (cv. Heinz 9704) treated with 1% hydrochloric acid and 
pelleted by the producer were sown in 388-cell plug trays. Seeded plug trays were 
completely randomized on benches in a greenhouse attached to Thorn Hall at the Ohio 
Agriculture Research and Development Center (OARDC, Wooster, OH). Plants were 
watered twice a day. Foliar fertilizer (20-20-20 N-P-K, JR Peters Inc., Allentown, PA) was 
used weekly beginning 2 weeks after sowing. Light isolation boxes were placed on 
benches in the same greenhouse (Fig. 5.2). Seedling trays were transferred to light 
isolation boxes within 30 min before 8 pm and moved out 30 min after 6 am every day, 
starting on the fifth day after sowing. The strobe lights were turned on for 2 minutes at 
20 minute intervals between 3 - 6 am and 8 - 11 pm.  
Seedling height, stem thickness, leaf area and dry weight were measured 4, 5 and 
6 weeks post germination in 2013, and 3, 4 and 5 weeks post germination in 2014. Ten 
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seedlings were randomly collected from plug trays excluding the seedlings from the two 
rows on the edges of the tray. Seedling height was measured as the distance from soil 
level to the terminal bud. Stem thickness was measured with a caliper at the soil level. 
The second true leaves for the first assessment, and the fourth true leaves for the second 
and third assessment of ten seedlings were collected and scanned with a desktop scanner 
(Seiko Epson Corporation, Sagano, Japan). The resulting images were analyzed with 
ImageJ (National Institute of Health, Bethesda, MD) to determine leaf area.  The soil on 
seedling roots was washed away, then the seedlings were dried at 80°C for a week before 
measuring their weight.  
Two identical groups of trays of seedlings for all light treatments described above 
were prepared. Two trays of the same light treatment were placed in the same light 
isolation box. One of them was inoculated in the same manner as in Chapter 3. Briefly, at 
3 weeks post germination, seedlings prepared in extra trays were inoculated with X. 
gardneri SM174rifR and misted overnight in a separate greenhouse. Nine seedlings from 
the center (shaded in red, Fig. 5.3) of the plug trays were removed and replaced with 
seedlings that had been spray-inoculated previously. Different sampling zones were 
marked in the trays inoculated with X. gardneri. Five weeks post germination, bacterial 
populations and bacterial lesion numbers were evaluated. Specifically, the above-ground 
part of seedlings from the yellow zones (Fig. 5.3) of each tray were collected and 
vigorously shaken in a Pulsifier (Filtaflex Ltd., Almonte, Ontario, Canada; Fung et al., 
1998). The resulting suspension was serially diluted and plated onto nutrient agar 
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medium (peptone 5 g/L, beef extract 3 g/L, agar 15 g/L, 0.5% glucose) amended with 100 
ppm rifampicin. Cultures were incubated at 27°C for 3 days prior to colony counting. 
Bacterial populations (colony number per gram tissue) were computed based on dilution 
factors and tissue weight. The number of leaf lesions was counted from the inner (shaded 
in green, Fig. 5.3) and outer (shaded in blue, Fig. 5.3) rectangular zones and averaged by 
plant number.   
 Inoculated and non-inoculated tomato seedlings were transplanted into two 
separate plots on Snyder Farm, OARDC, Wooster OH. Seedlings were transplanted with 
2.8 g starter fertilizer (N:P:K 9:45:15) per seedling incorporated into the soil, 30.5 cm apart 
in a row, with 1.52 m between rows. In 2013, seedlings were arranged in a complete 
randomized block design with five treatments and three replications. In 2014, four 
treatments with four replications were arranged in Latin square design. The fungicides 
Bravo (chlorothalonil) and Quadris (azoxystrobin) were applied in alternation on a weekly 
schedule to manage fungal diseases. The progress of disease was calculated as the area 
under disease progress curve based on weekly foliar BLS disease severity evaluations. On 
September 18 in 2013 and September 11 in 2014, tomato fruits from five plants in the 
middle of each row were harvested. Marketable yield and weight of fruit with bacterial 
leaf spot lesions were assessed. The numbers of large (diameter > 3 mm) and small 
(diameter < 3 mm) BLS lesions were counted on each fruit. Data were analyzed with PROC 
GLIMMIX in SAS 9.2 (SAS Institute, Cary, NC) with replications as random effects in 2013. 
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In 2014, replications and rows number were used as random effect in a Latin square 
design. Means were separated with LSMEANS syntax in SAS.   
 
Results 
The effects of strobe lights on seedling growth 
In 2013, all strobe light treatments reduced seedling height compared to the 
natural light control (Table 5.1; Fig. 5.4A, B). Four weeks post germination, seedlings 
exposed to the red strobe light were the shortest among all seedlings (Fig. 5.4A), but no 
differences in seedling height were observed among light-exposed seedlings 6 weeks post 
germination (Fig. 5.4B). In 2014, blue strobe light exposure reduced seedling height 3 and 
5 weeks post germination in comparison to the untreated control; clear light exposure 
reduced seedling height 5 weeks post germination. 
Strobe light exposure affected stem thickness in both years (Table 5.1; Fig. 5.5). In 
2013, green and red strobe light exposure significantly reduced stem thickness compared 
to the control 4 weeks post germination (Fig. 5.5A). In 2014, red strobe light exposure 
increased stem thickness at all three time points of assessment (Fig. 5.5B, C, D). Strobe 
light with clear lens exposure increased the stem thickness 5 weeks post germination (Fig. 
5.5D). 
Significant differences in tomato leaf area were observed 4 and 6 weeks post 
germination in the first experiment, and 3 weeks post germination in the second 
 180 
 
experiment (Table 5.1). Blue strobe light exposure decreased leaf area 4 weeks post 
germination, but increased leaf area 6 weeks post germination relative to the control (Fig. 
5.5A, B). On the contrary, amber strobe light exposure increased leaf area 4 weeks post 
germination, but reduced leaf area 6 weeks post germination in 2013 (Fig. 5.6A, B). Green 
strobe light exposure reduced leaf area both 4 and 6 weeks post germination compared 
to natural light controls in 2013 (Fig. 5.6A, B). Exposure to the red strobe light resulted in 
reduced leaf area 4 weeks post germination but had no effect in other assessments 
relative to natural light controls in 2013 (Fig. 5.6A). The leaf area of seedlings treated with 
red strobe light was larger than that of seedlings treated with blue and clear strobe lights 
3 weeks post germination in 2014 (Fig. 5.6C). 
The dry weight of seedlings was only affected by strobe light treatment 3 and 5 
weeks post germination in 2014 (Table 5.1). Blue strobe light exposure increased dry 
weight, while clear strobe lights reduced dry weight at 3 weeks post germination in 2014 
relative to the control (Fig. 5.7A). But there was no significant difference in dry weight 
between seedlings treated with strobe lights compared to the control 5 weeks post 
germination (Fig. 5.7B). In the same assessment, the dry weight of seedlings exposed to 
red and clear strobe lights was significantly higher than that of seedlings exposed to blue 
light. 
Differences in seedling bacterial populations were observed only in the second 
experiment (2014, Table 5.2), when X. gardneri populations in seedlings exposed to blue 
strobe lights were lower than in controls. There was no difference in BLS lesion number 
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among tomato seedlings exposed to different light treatments in either year, regardless 
the areas from which they were sampled in the plug tray (Table 5.2).  
 
The effects of strobe light treatment on BLS foliar severity and fruit yield in the field 
Field evaluation revealed differences in the percentage of large lesions on tomato 
fruit in 2013, and foliar severity at the end of experiment in 2014, only in non-inoculated 
tomato plants (Table 5.3). The percentage of large bacterial spot lesions on fruit was lower 
from plants exposed as seedlings to blue, amber, and red strobe lights than to the control 
treatment in the first experiment (Fig. 5.9A). Only blue light increased foliar BLS disease 
severity in the last assessment in the second experiment compared to the control (Fig. 
5.9B). Red strobe light exposure reduced foliar BLS disease severity in the last assessment 
relative to clear strobe light. However, foliar BLS severity of tomato plants treated with 
red and clear light was not significantly different from that of the control (Fig. 5.9B). 
 
Discussion 
This is the first study to our knowledge to explore the effect of colored strobe light 
on BLS symptom development, X. gardneri populations and seedling growth parameters 
and yield of tomato. The strobe light devices used in this study were industrial signaling 
lights that generated intensive pulsed light from the xenon tube. Although these strobe 
lights were cheaper, easier to operate and more adaptive to greenhouse environments 
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compared to research grade pulsed light, the main disadvantage of this strobe light was 
that the specification of the light generated was not well defined. The frequency and the 
energy carried in each flash were known, but the wavelengths and the intensity profile 
across the different wavelengths (or light quality) were not described by the 
manufacturer. Because of the short radiation duration and possible decay curve (Studer 
et al., 1970), the pulsed light could not be measured with a regular monochromatic 
spectrometer. Town et al. (2007) described the methods and devices used to characterize 
the light energy, duration, and time-resolved spectrum for medical intensive pulsed light 
(IPL), which also employs a xenon flashing tube. However, we did not have access to 
equipment used for characterizing the strobe lights used in this study. Some 
characteristics of strobe lights can be generalized from the common features shared by 
pulsed xenon lights. In general, pulsed xenon tubes generate a high intensive, full 
spectrum light close to daylight color (white light) within a million seconds upon 
excitement, but contains about 40% of its energy in the UV region in comparison to the 
4% to 6% of the continuous wave (CW) light (Capobianco, 2006).  
The pulsed light treatment was applied at dawn and dusk, which possibly 
extended the photosynthesis period of the seedlings. Although the exact energy our 
pulsed light generated was unknown, in tomato, 1.5 ms pulses of 5000 µmol photons m-
2·s-1 followed by 148.5 ms dark periods can contribute to the same growth effect of 
photosynthesis as constant 50 µmol photons m-2·s-1 light (Tennessen et al., 1995).  
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In our study, blue strobe light reduced tomato seedling height in the greenhouse 
in both years. Blue light exposure is known to reorganize the cortical microtubules to a 
longitudinal arrangement, which prevents plant cell elongation (Sampathkumar et al., 
2011). Blue strobe light treatment also resulted in the highest the dry biomass of tomato 
seedlings in the first assessment of the second experiment. But 3 weeks later, red and 
clear strobe light exposure resulted in higher dry biomass than blue lights, although 
neither was significantly different from natural light controls. A previous study revealed 
the qualitative effect of blue light on photosynthesis (Hogewoning et al., 2010). A 7% blue 
light composition is necessary for normal photosynthetic processes. Increasing 
photosynthetic capacity was associated with increasing blue light proportion, which could 
lead to higher biomass accumulation (Hogewoning et al., 2010). Increased photosynthesis 
could produce more carbohydrate to promote the growth of compatible pathogens. On 
the other hand, a healthier plant may gain better innate resistance against pathogen 
invasion (Rudolph, 1993). Thus, we observed that blue strobe light exposure reduced 
tomato seedling X. gardneri populations in one of the two years, but increased foliar BLS 
severity in 2014. Blue light exposure also induces disease resistance through the 
photoreceptors cryptochromes and phototropins. Further studies on photosynthesis and 
plant resistance pathways in response to these light treatments will shed more lights on 
the mechanism underlying the phenotypical reactions. 
In our study, red light reduced seedling height in two assessments in 2013. A 
previous study revealed that a functioning red light photoreceptor, PHYB, could avoid 
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abnormal elongation of stem, petiole, root hair and hypocotyl (Reed et al., 1993). In one 
early assessment in 2013, red light exposure reduced leaf area, which seemed 
contradictory to the previous description (Miller, 1956). However the light sources and 
treatment durations are different. In this study, red strobe light exposure reduced foliar 
severity in the last assessment relative to clear strobe light exposure in the second 
experiment. But neither red light nor the clear light affected BLS severity significantly 
compared to the controls. Red light also reduced the percentage of large bacterial leaf 
spot lesions on fruits in 2013. Red light was reported to induce resistance systemic 
acquired resistance against Phytophthora capsici, root knot nematode, and Pseudomonas 
syringae pv. tomato in previous studies. (Islam et al., 1998, 2002 and 2008). The wide 
range resistance could be induced by the imbalance excitement of the two 
photosynthesis reaction centers, or through function of photochromes (Genoud et al., 
2002; Karpinski et al., 1999). The amount and quality of red light used in this study could 
be quantified in the future and compared to the radiation used in other research to 
optimize the system. 
Clear lens in the second experiment were employed to allow more UV radiation 
from pulsed xenon tubes. However, there was no obvious effect against BLS contributed 
by clear strobe light. The reasons could be two. One is that the strobe light did not 
produce enough intensity in the UV region. This point could be clarified when the detailed 
spectrum and quality of the strobe light is determined. Secondly, our strobe lights may 
not have attained the minimum energy required to kill the organism. The pulsed lights 
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used in the previous research radiated about 30-40 times more energy in a single pulse 
than our strobe lights. Once the light intensity is larger than the biocidal threshold, its 
biocidal effect could be compensated by increased radiation frequency (Sforza et al., 
2012).  
In this study, non-inoculated and inoculated seedlings in this experiment were 
located on separate but adjacent greenhouse benches. Therefore, non-inoculated 
seedlings may have been exposed to X. gardneri in aerosols generated in irrigation. 
Although no symptoms were observed on non-inoculated seedlings prior to transplanting, 
BLS appeared in early July in 2013 and in early August in 2014 in the non-inoculated 
plants. The delayed appearance or lower development of BLS in the inoculated plants 
than in the non-inoculated plants is possible attributed to the delayed development of 
tomato plants under high disease pressure.  New shoot development in plants inoculated 
as seedlings was delayed relative to the development of plants that were not inoculated 
as seedlings. These newly developed shoots appeared symptomless and asymptomatic 
leaves were predominant in the inoculated plants from late June late July. The delayed 
development of inoculated plants were also revealed by significantly lower percentage of 
ripe fruits at harvest time. 
Although the interpretation of the results in this study was limited due to 
inadequate information on the spectrum and quality of the pulsed light, the blue light 
exposure in this study resulted in the suppression of bacterial leaf spot by reducing the X. 
gardneri seedling population in one of the two years studied. Strobe light treatment of 
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seedlings did not have an overall significant impact on BLS development in the field. 
However, the formation of large fruit lesions was suppressed by the light treatment. 
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Table 5.1. Probability values for effects of strobe 
light treatment on tomato seedling growth 
   2013   
 13-May 19-May 27-May 
Stem thickness 0.4104 0.0375 0.4413 
Seedling height <0.0001 0.7509 0.0439 
Dry weight 0.3974 0.8916 0.9304 
Leaf area < 0.0001 0.6780 <0.0001 
    
   2014   
 25-Apr 3-May 13-May 
Stem thickness 0.0007 0.0018 <0.0001 
Seedling height 0.0350 0.6461 0.0189 
Dry weight 0.0019 0.1135 0.0931 
Leaf area 0.0472 0.6220 0.3703 
Highlighted P-values are smaller than α = 0.1. 
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Table 5.2. Probability values of the analysis of variance of 
different strobe light treatments on bacterial leaf spot 
(BLS) development and surface Xanthomonas gardneri 
populations on tomato seedlings 
  BLS lesions per plant 
Surface 
bacterial 
population 
Year 
Outer 
rectangular 
zone 
Inner 
rectangular 
zone 
Average 
2013 0.4708 0.8668 0.4730 0.8798 
2014 0.8375 0.4927 0.6823 0.0539 
Highlighted P-value is smaller than α = 0.1. 
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Table 5.3. Yield and bacterial leaf spot (BLS) assessments of tomatoes exposed as 
seedlings to strobe lights of different colors  
 
a ha = hectare.  
b Last BLS evaluation = Foliar BLS disease severity evaluated at the end of field 
experiment. 
c SE = standard error. 
d Tomato seedlings receiving only natural light were included as negative controls. 
e P-values less than α = 0.1 are in bold.   
Color of 
strobe 
light
Mean SEc Mean SE Mean SE Mean SE Mean SE Mean SE
2013
Naturald 4.2 1.6 18.2 3.4 17 3 47.3 1.5 1597 141 80 5 a
Blue 3.3 0.9 12.7 4.4 20 2 51.0 3.1 1828 254 49 14 b
Amber 2.9 0.9 14.3 4.1 16 0 48.3 3.3 1647 232 59 5 b
Green 3.3 1.1 14.7 5.7 18 1 49.3 2.3 1714 219 68 3 ab
Red 2.4 0.4 14.4 2.1 14 2 45.7 3.0 1562 220 55 9 b
P-valuee
Natural 2.8 0.3 19.3 1.5 12 0 41.7 1.7 691 66 41 4
Blue 2.6 0.2 19.0 3.7 12 2 35.0 2.9 640 66 56 11
Amber 2.0 0.1 18.1 3.3 10 2 40.0 2.9 729 104 60 6
Green 2.9 0.0 24.7 3.8 11 2 39.0 1.0 698 43 57 10
Red 3.0 0.7 21.5 2.6 11 1 40.0 2.9 755 62 68 10
P-value
2014
Natural 10.0 2.0 16.7 3.9 33 4 87.5 4.3 bc 2280 138 54 5
Red 7.4 1.5 16.6 2.8 28 6 86.3 3.8 c 2332 91 55 4
Blue 8.3 0.9 17.9 3.5 29 4 90.0 2.0 a 2299 114 55 3
Clear 8.1 0.4 13.0 1.1 34 2 88.8 2.4 ab 2305 108 62 6
P-value
Natural 21.5 4.0 61.3 6.9 23 3 55.0 3.5 1480 96 67 2
Red 17.1 2.8 54.1 4.0 23 3 53.8 5.2 1426 86 74 3
Blue 15.1 0.7 52.6 8.7 22 3 55.0 2.0 1460 56 66 7
Clear 22.1 3.8 57.3 4.6 26 4 53.8 3.8 1412 98 63 5
P-value 0.6889 0.8725 0.9208 0.8222 0.6285
0.62850.88440.0452*0.35010.2514
0.5568 0.7258 0.1181 0.2498 0.3343
Percent 
large 
lesion (%)
0.3687 0.3404 0.2687 0.3523 0.1368 0.0873*
Yield of fruit 
with BLS 
(tonne/ha)a
Marketable 
yield 
(tonne/ha)
Percent 
BLS (%)
Last BLS 
evaluation 
(%)b AUDPC
N
o
n
-i
n
o
cu
la
te
d
In
o
cu
la
te
d
N
o
n
-i
n
o
cu
la
te
d
In
o
cu
la
te
d
0.3597
0.5034
0.3623
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Fig. 5.1. Structure of the light isolation box. The structure was made of PVC pipes with a 
diameter of 1.27 cm. The strobe light was fixed on the ceiling of the light isolation box. 
The four walls were covered with black ground cover in the 2013 experiment, and with 
white on black ground cover in 2014.   
5 ft (152 cm) 
4 ft (122 cm) 
Strobe light 
2 ft 
(61 cm) 
  
 
1
9
5
 
 
 
 
Fig. 5.2. Arrangement in the greenhouse of the light treatment. Trays of seedlings were placed on the benches on the left in the 
daytime, and were moved into light isolation boxes at night for strobe light treatment. 
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Fig. 5.3. Inoculation and sampling of tomato seedlings in 338-cell trays. Trays were 26.7 
cm × 53.0 cm × 3.8 cm. Inoculation foci (shaded in red), sampling cells for bacterial 
population analysis (shaded in yellow) were marked in the map. Green and blue cells were 
outer zones and inner zones, respectively, for bacterial leaf spot lesion counts. 
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Fig. 5.4. Effect of strobe light exposure on tomato seedling height. Mean values for 
seedling heights with the same letter are not significantly different at α = 0.1. WPG = 
weeks post germination.  
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Fig. 5.5. Effect of strobe light exposure on tomato seedling stem thickness. Mean values 
for stem thickness with the same letter are not significantly different at α = 0.1. WPG = 
weeks post germination. 
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Fig. 5.6. Effect of strobe light exposure on tomato seedling leaf area. Mean values with 
the same letter are not significantly different at α = 0.1. WPG = weeks post germination. 
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Fig. 5.7. Effect of strobe light exposure on dry weight of tomato seedlings.  Dry weight per 
seedling values with the same letter are not significantly different at α = 0.1. WPG = weeks 
post germination. 
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Fig. 5.8. Effect of strobe light exposure on tomato seedling Xanthomonas gardneri 
populations in 2014. Bacterial population values with the same letter are not significantly 
different at α = 0.1. 
 
  
a a
b
a
0
2
4
6
8
10
12
Natural Red Blue Clear
B
ac
te
ri
al
 p
o
p
u
la
ti
o
n
, 
lo
g(
C
F
U
/g
)
 202 
 
 
Fig. 5.9. Effect of strobe light exposure during tomato seedling production on the 
percentage of large lesions caused by Xanthomonas gardneri on tomato fruit in 2013 (A) 
and foliar bacterial leaf spot (BLS) severity at the end of the experiment evaluation in 2014 
(B) in plants indirectly received inoculum as seedlings. Values for the percentage of large 
lesions or the last-day severity with the same letters were not significantly different at α 
= 0.1.  
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Appendix A.  
Copper and streptomycin sensitivity of Xanthomonas spp. strains isolated from 
tomatoes and peppers, 2010 to 2013 
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Strain ID Box Slot Speciesa CK Cu30 Cu100 Cu200 Strp20 Strp200 Countyc Cultivar Hostd Year
SM173-10 21 64 Xe 1 1 1 0 1 1 Fulton Heinz 4007 Tomato.P 2010
SM174-10 21 65 Xg 1 1 1 0 1 1 Fulton Heinz 4007 Tomato.P 2010
SM175-10 21 66 Xg 1 1 1 0 1 1 Fulton Heinz 4007 Tomato.P 2010
SM176-10 21 67 Xp 1 1 1 0 0 0 Lenawee Heinz 3402 Tomato.P 2010
SM177-10 21 68 Xg 1 1 1 0 1 1 Lenawee Heinz 3402 Tomato.P 2010
SM178-10 21 69 Xp 1 1 1 0 0 0 Lenawee Heinz 3402 Tomato.P 2010
SM179-10 21 70 Xp 1 1 1 0 0 0 Lenawee Heinz 3402 Tomato.P 2010
SM180-10 21 71 Xg 1 1 1 0 1 1 Lenawee Heinz 3402 Tomato.P 2010
SM181-10 21 72 Xe 1 1 1 0 1 1 Lenawee Heinz 3402 Tomato.P 2010
SM182-10 21 73 Xg 1 1 1 0 1 1 Lenawee Heinz 3402 Tomato.P 2010
SM183-10 21 74 Xp 1 1 1 0 0 0 Lenawee Heinz 3402 Tomato.P 2010
SM184-10 21 75 Un 1 1 1 0 0 0 Lenawee Heinz 3402 Tomato.P 2010
SM185-10 21 76 Un 1 1 1 0 0 0 Lenawee Heinz 3402 Tomato.P 2010
SM186-10 21 77 Xg 1 1 1 0 1 1 Ottawa Heinz 9706 Tomato.P 2010
SM187-10 21 78 Xg 1 1 1 0 1 1 Ottawa Heinz 9706 Tomato.P 2010
SM189-10 21 80 Xg 1 1 1 0 1 1 Ottawa Heinz 9706 Tomato.P 2010
SM190-10 21 81 Xg 1 1 1 0 1 1 Sandusky Heinz 4007 Tomato.P 2010
SM191-10 22 1 Xg 1 1 1 0 1 1 Sandusky Heinz 3402 Tomato.P 2010
SM192-10 22 2 Xg 1 1 1 0 1 1 Sandusky Heinz 3402 Tomato.P 2010
SM193-10 22 3 Xg 1 1 1 0 1 1 Sandusky Heinz 3402 Tomato.P 2010
SM194-10 22 4 Xg 1 1 0 0 0 0 Sandusky Heinz 9706 Tomato.P 2010
SM195-10 22 5 Xe 1 1 1 0 0 0 Sandusky Heinz 9706 Tomato.P 2010
SM196-10 22 6 Xg 1 1 1 0 1 1 Lenawee Heinz 9704 Tomato.P 2010
SM197-10 22 7 Xe 1 1 1 0 1 1 Lenawee Heinz 4007 Tomato.P 2010
SM198-10 22 8 Xg 1 1 1 0 1 1 Lenawee Heinz 4007 Tomato.P 2010
SM199-10 22 9 Xg 1 1 1 0 1 1 Sandusky Heinz 4007 Tomato.P 2010
SM200-10 22 10 Xg 1 1 1 0 1 1 Sandusky Heinz 4007 Tomato.P 2010
SM201-10 22 11 Xg 1 1 1 0 1 1 Sandusky Heinz 4007 Tomato.P 2010
SM202-10 22 12 Xg 1 1 1 0 1 1 Sandusky Heinz 4007 Tomato.P 2010
SM203-10 22 13 Xg 1 1 1 0 1 1 Sandusky Heinz 3402 Tomato.P 2010
SM204-10 22 14 Xg 1 1 1 0 1 1 Sandusky Heinz 3402 Tomato.P 2010
SM205-10 22 15 Xg 1 1 1 0 1 1 Ottawa Gem 331 Tomato.P 2010
SM206-10 22 16 Xg 1 1 1 0 1 1 Ottawa Gem 331 Tomato.P 2010
SM207-10 22 17 Xg 1 1 1 0 1 1 Ottawa Gem 259 Tomato.P 2010
SM208-10 22 18 Xg 1 1 1 0 1 1 Sandusky Heinz 9706 Tomato.P 2010
SM210-10 22 20 Xg 1 1 1 0 1 1 Ottawa Heinz 9704 Tomato.P 2010
SM211-10 22 21 Xe 1 1 1 0 1 1 Ottawa Heinz 4007 Tomato.P 2010
SM212-10 22 22 Xg 1 1 1 0 1 1 Sandusky Heinz 3402 Tomato.P 2010
SM213-10 22 23 Xg 1 1 1 0 1 1 Ottawa Gem 259 Tomato.P 2010
SM214-10 22 24 Xg 1 1 1 0 1 1 Ottawa Heinz 4007 Tomato.P 2010
SM215-10 22 25 Xg 1 1 1 0 1 1 Ottawa Heinz 3402 Tomato.P 2010
SM216-10 22 26 Xe 1 1 1 0 1 1 Ottawa Heinz 3402 Tomato.P 2010
SM217-10 22 27 Xg 1 1 1 0 1 1 Ottawa Heinz 3402 Tomato.P 2010
SM218-10 22 28 Xg 1 1 1 0 1 1 Ottawa Heinz 9704 Tomato.P 2010
SM219-10 22 29 Xg 1 1 1 0 1 1 Lenawee Heinz 9704 Tomato.P 2010
SM220-10 22 30 Xg 1 1 1 0 1 1 Lenawee Heinz 9704 Tomato.P 2010
SM222-10 22 32 Xe 1 1 1 0 1 1 Sandusky Heinz 3402 Tomato.P 2010
SM223-10 22 33 Xg 1 1 1 0 1 1 Sandusky Heinz 3402 Tomato.P 2010
SM224-10 22 34 Xg 1 1 1 0 1 1 Lenawee Gem 111 Tomato.P 2010
SM225-10 22 35 Xg 1 1 1 0 1 1 Lenawee Gem 111 Tomato.P 2010
SM226-10 22 36 Xg 1 1 1 0 1 1 Lenawee Heinz 9704 Tomato.P 2010
SM227-10 22 37 Xg 1 1 1 0 1 1 Fulton Heinz 4007 Tomato.P 2010
SM228-10 22 38 Xg 1 1 1 0 1 1 Fulton Heinz 9704 Tomato.P 2010
SM229-10 22 39 Xg 1 1 1 0 1 1 Fulton Heinz 9704 Tomato.P 2010
SM230-10 22 40 Xg 1 1 1 0 1 1 Fulton Heinz 9704 Tomato.P 2010
SM231-10 22 41 Xg 1 1 1 0 1 1 Lenawee Gem 111 Tomato.P 2010
SM232-10 22 42 Xg 1 1 1 0 1 1 NA Heinz 3402 Tomato.P 2010
SM233-10 22 43 Xg 1 1 1 0 1 1 Ottawa Gem 259 Tomato.P 2010
SM234-10 22 44 Xg 1 1 1 0 1 1 Lenawee Heinz 9704 Tomato.P 2010
SM235-10 22 45 Xg 1 1 1 0 1 1 Ottawa Heinz 9706 Tomato.P 2010
SM236-10 22 46 Xg 1 1 1 0 1 1 Ottawa Gem 331 Tomato.P 2010
Insensitivity to bactericides
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Strain ID Box Slot Speciesa CK Cu30 Cu100 Cu200 Strp20 Strp200 Countyc Cultivar Hostd Year
SM238-10 22 48 Xg 1 1 1 0 1 1 NA Heinz 3402 Tomato.P 2010
SM239-10 22 49 Xg 1 1 1 0 1 1 NA Heinz 3402 Tomato.P 2010
SM240-10 22 50 Xg 1 1 1 0 1 1 Lenawee Heinz 4007 Tomato.P 2010
SM243-10 22 53 Xe 1 1 0 0 0 0 NA NA Tomato.P 2010
SM244-10 22 54 Xe 1 1 0 0 0 0 NA NA Tomato.P 2010
SM245-10 22 55 Xe 1 1 0 0 0 0 NA NA Tomato.P 2010
SM246-10 22 56 Xg 1 1 1 0 0 0 NA NA Tomato.P 2010
SM248-10 22 58 Xg 1 1 1 0 0 0 NA NA Tomato.P 2010
SM249-10 22 59 Xg 1 1 1 0 1 1 NA NA Tomato.P 2010
SM250-10 22 60 Xg 1 1 0 0 0 0 NA NA Tomato.P 2010
SM251-10 22 61 Xg 1 1 0 0 0 0 NA NA Tomato.P 2010
SM253-10 22 63 Xg 1 1 1 0 0 0 NA Heinz 4007 Tomato.P 2010
SM255-10 22 65 Xg 1 1 1 0 1 1 NA Heinz 4007 Tomato.P 2010
SM257-10 22 67 Xg 1 1 1 0 1 1 NA Heinz 3402 Tomato.P 2010
SM258-10 22 68 Xg 1 1 1 0 1 1 NA Heinz 3402 Tomato.P 2010
SM260-10 22 70 Xp 1 1 1 0 1 1 NA Heinz 3402 Tomato.P 2010
SM261-10 22 71 Xg 1 1 1 0 1 1 NA Heinz 3402 Tomato.P 2010
SM263-10 22 73 Xp 1 1 1 0 0 0 NA Heinz 3402 Tomato.P 2010
SM264-10 22 74 Xp 1 1 1 0 0 0 NA Gem 331 Tomato.P 2010
SM265-10 22 75 Xp 1 1 1 0 0 0 NA Gem 331 Tomato.P 2010
SM267-10 22 77 Xg 1 1 0 0 0 0 NA Heinz 4007 Tomato.P 2010
SM386-11 33 5 Xp 1 1 0 0 0 0 NA NA Tomato.F 2011
SM387-11 33 6 Xg 1 1 0 0 0 0 NA NA Tomato.F 2011
SM388-11 33 7 Xp 1 1 0 0 0 0 Seneca Jalapeno Pepper 2011
SM389-11 33 8 Xg 1 1 0 0 0 0 NA NA Tomato.P 2011
SM390-11 33 9 Xg 1 1 0 0 0 0 Wayne NA Tomato.F 2011
SM392-11 33 11 Xp 1 1 0 0 0 0 Seneca Charger Tomato.F 2011
SM393-11 33 12 Xp 1 1 0 0 1 1 Seneca NA Tomato.F 2011
SM395-11 33 14 Xp 1 1 0 0 0 0 Putnam NA Tomato.P 2011
SM398-11 33 17 Xg 1 1 0 0 0 0 Putnam NA Tomato.P 2011
SM400-11 33 19 Xg 1 1 0 0 0 0 Putnam NA Tomato.P 2011
SM402-11 33 21 Xg 1 1 0 0 0 0 Putnam NA Tomato.P 2011
SM404-11 33 23 Xg 1 1 0 0 0 0 Putnam TSH4 Tomato.P 2011
SM405-11 33 24 Xg 1 1 0 0 1 1 Putnam NA Tomato.P 2011
SM406-11 33 25 Xg 1 1 0 0 0 0 Putnam Heinz 5108 Tomato.P 2011
SM407-11 33 26 Xg 1 1 0 0 0 0 Putnam Heinz 5108 Tomato.P 2011
SM408-11 33 27 Xg 1 1 0 0 0 0 Putnam Heinz 5108 Tomato.P 2011
SM409-11 33 28 Xg 1 1 0 0 0 0 Putnam TSH4 Tomato.P 2011
SM410-11 33 29 Xg 1 1 0 0 0 0 Putnam Heinz 5108 Tomato.P 2011
SM411-11 33 30 Xg 1 1 0 0 0 0 Putnam NA Tomato.P 2011
SM413-11 33 32 Xg 1 1 0 0 0 0 Putnam TSH4 Tomato.P 2011
SM414-11 33 33 Xg 1 1 0 0 0 0 Putnam TSH4 Tomato.P 2011
SM415-11 33 34 Xg 1 1 1 0 0 0 Putnam TSH4 Tomato.P 2011
SM416-11 33 35 Xg 1 1 0 0 0 0 Putnam TSH4 Tomato.P 2011
SM417-11 33 36 Xg 1 1 0 0 0 0 Putnam TSH4 Tomato.P 2011
SM418-11 33 37 Xg 1 1 0 0 0 0 Putnam TSH4 Tomato.P 2011
SM421-11 33 40 Xg 1 1 1 0 1 1 NA NA Tomato.P 2011
SM423-11 33 42 Xg 1 1 1 0 1 1 Henry NA Tomato.P 2011
SM424-11 33 43 Xp 1 1 1 1 0 0 NA NA Tomato.P 2011
SM426-11 33 45 Xg 1 1 0 0 0 0 Putnam Gem 331 Tomato.P 2011
SM427-11 33 46 Xp 1 1 1 0 0 0 Putnam Gem 331 Tomato.P 2011
SM428-11 33 47 Xp 1 1 1 0 0 0 Putnam Gem 331 Tomato.P 2011
SM430-11 33 49 Xg 1 1 1 0 0 0 Putnam TSH4 Tomato.P 2011
SM431-11 33 50 Xg 1 1 0 0 0 0 Putnam Heinz 2306 Tomato.P 2011
SM432-11 33 51 Xg 1 1 0 0 0 0 Putnam TSH4 Tomato.P 2011
SM433-11 33 52 Xg 1 1 0 0 0 0 Putnam Heinz 2306 Tomato.P 2011
SM434-11 33 53 Xg 1 1 0 0 0 0 Putnam Heinz 2306 Tomato.P 2011
SM439-11 33 58 Xg 1 1 0 0 0 0 Putnam NA Tomato.P 2011
SM440-11 33 59 Xp 1 1 1 0 0 0 Putnam NA Tomato.P 2011
SM441-11 33 60 Xp 1 1 1 0 0 0 Putnam NA Tomato.P 2011
SM442-11 33 61 Xg 1 1 1 0 0 0 Putnam NA Tomato.P 2011
Insensitivity to bactericides
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Strain ID Box Slot Speciesa CK Cu30 Cu100 Cu200 Strp20 Strp200 Countyc Cultivar Hostd Year
SM443-11 33 62 Xp 1 1 1 0 0 0 Putnam TSH4 Tomato.P 2011
SM445-11 33 64 Xp 1 1 1 0 0 0 Putnam TSH4 Tomato.P 2011
SM586-11 30 42 Xp 1 1 1 0 0 0 Putnam NA Tomato.P 2011
SM587-11 30 43 Xp 1 1 1 0 1 0 Putnam NA Tomato.P 2011
SM588-11 30 44 Xp 1 1 1 0 0 0 Putnam NA Tomato.P 2011
SM589-11 30 45 Xp 1 1 1 1 1 0 Putnam NA Tomato.P 2011
SM590-11 30 46 Xp 1 1 1 0 0 0 Putnam NA Tomato.P 2011
SM591-11 30 47 Xe 1 0 0 0 0 0 Wayne NA Pepper 2011
SM592-11 30 48 Xe 1 1 0 0 0 0 Wayne NA Tomato.F 2011
SM593-11 30 49 Xg 1 1 1 0 1 1 Henry Heinz 5108 Tomato.P 2011
SM594-11 30 50 Xg 1 1 1 0 1 1 Henry Heinz 5108 Tomato.P 2011
SM595-11 30 51 Xg 1 1 0 0 0 0 Wood TSH4 Tomato.P 2011
SM596-11 30 52 Xg 1 1 1 1 1 1 Wood Heinz 5108 Tomato.P 2011
SM597-11 30 53 Xg 1 1 1 0 1 1 Wood Heinz 5108 Tomato.P 2011
SM598-11 30 54 Xp 1 1 1 0 0 0 Ottawa Gem 611 Tomato.P 2011
SM599-11 30 55 Xg 1 1 1 1 1 1 Henry Heinz 5108 Tomato.P 2011
SM602-11 30 58 Xg 1 1 1 0 1 1 Putnam Heinz 3402 Tomato.P 2011
SM603-11 30 59 Xg 1 1 1 0 1 1 Putnam Heinz 3402 Tomato.P 2011
SM604-11 30 60 Xg 1 1 1 0 1 1 Putnam Gem 259 Tomato.P 2011
SM605-11 30 61 Xg 1 1 1 0 0 0 Putnam Heinz 4007 Tomato.P 2011
SM606-11 30 62 Xg 1 1 1 0 1 1 Wood NA Tomato.P 2011
SM607-11 30 63 Xp 1 1 1 0 1 1 Sandusky NA Tomato.P 2011
SM609-11 30 65 Xg 1 1 1 0 1 1 Wood NA Tomato.P 2011
SM763-12 34 16 Xg 1 1 1 0 0 0 Putnam NA Tomato.P 2012
SM764-12 34 17 Xg 1 1 1 0 0 0 Putnam NA Tomato.P 2012
SM772-12 34 25 Xg 1 1 0 0 0 0 Wayne NA Tomato.F 2012
SM775-12 36 74 Xg 1 1 0 0 0 0 Wayne NA Tomato.F 2012
SM776-12 36 75 Xp 1 1 1 0 1 1 Sandusky Peto 696 Tomato.P 2012
SM777-12 36 76 Xg 1 1 0 0 0 0 Wayne NA Tomato.F 2012
SM778-12 36 77 Xp 1 1 1 0 0 0 Seneca NA Tomato.F 2012
SM779-12 36 5 Xp 1 1 1 0 0 0 Seneca NA Tomato.F 2012
SM780-12 36 6 Xp 1 1 1 0 0 0 Seneca NA Tomato.F 2012
SM781-12 36 7 Xe 1 0 0 0 0 0 NA Bell Pepper 2012
SM787-12 36 15 Xp 1 1 0 0 0 0 Seneca NA Tomato.F 2012
SM788-12 36 16 Xe 1 1 0 0 0 0 Mahoning Bell Pepper 2012
SM789-12 36 17 Xg 1 1 0 0 0 0 Wayne NA Tomato.F 2012
SM790-12 36 18 Xg 1 1 0 0 0 0 Wayne NA Tomato.F 2012
SM791-12 36 19 Xp 1 1 1 0 0 0 Seneca NA Tomato.F 2012
SM792-12 36 20 Xp 1 1 1 0 0 0 Seneca NA Tomato.F 2012
SM793-12 36 21 Xg 1 1 0 0 0 0 Wayne NA Tomato.F 2012
SM794-12 36 22 Xe 1 0 0 0 0 0 Seneca Bell Pepper 2012
SM795-12 36 23 Xg 1 1 1 0 1 1 Sandusky Heinz 9706 Tomato.P 2012
SM796-12 36 24 Xg 1 1 1 0 1 1 Sandusky Heinz 9706 Tomato.P 2012
SM800-12 36 28 Xg 1 1 0 0 0 0 Wayne NA Tomato.F 2012
SM801-12 36 29 Xg 1 1 1 0 0 0 Putnam OX 325 Tomato.P 2012
SM804-12 36 32 Xg 1 1 1 0 0 0 Putnam Heinz 3402 Tomato.P 2012
SM806-12 36 34 Xg 1 1 0 0 0 0 Wood NA Tomato.P 2012
SM807-12 36 35 Xg 1 1 0 0 0 0 Wood NA Tomato.P 2012
SM808-12 36 36 Xg 1 1 0 0 0 0 Wood NA Tomato.P 2012
SM818-12 36 43 Xp 1 1 1 0 0 0 Wayne NA Tomato.F 2012
SM820-12 36 45 Xg 1 1 1 0 0 0 Seneca NA Tomato.F 2012
SM822-12 36 47 Xg 1 1 0 0 0 0 Geauga Banana Tomato.F 2012
SM823-12 36 48 Xg 1 1 0 0 0 0 Geauga Hot Pepper 2012
SM824-12 36 49 Xg 1 1 1 0 1 1 NA Heinz 3402 Tomato.P 2012
SM825-12 36 50 Xp 1 1 0 0 0 0 Geauga NA Tomato.F 2012
SM826-12 36 51 Xg 1 1 0 0 0 0 Geauga Paste Tomato.F 2012
SM827-12 36 52 Xg 1 1 0 0 0 0 Geauga Heirloom Tomato.F 2012
SM828-12 36 53 Xg 1 1 0 0 0 0 Geauga Banana Pepper 2012
SM829-12 36 54 Xg 1 1 1 0 0 0 Geauga NA Tomato.F 2012
SM830-12 36 55 Xg 1 1 0 0 0 0 Wayne NA Tomato.F 2012
SM831-12 36 56 Xg 1 1 0 0 0 0 Wayne Roma Tomato.F 2012
Insensitivity to bactericides
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SM832-12 36 57 Xg 1 1 0 0 0 0 Wayne NA Tomato.F 2012
SM833-12 36 58 Xp 1 1 1 0 0 0 Seneca NA Tomato.F 2012
SM839-12 36 60 Xg 1 1 1 0 0 0 Putnam Heinz 9704 Tomato.P 2012
SM840-12 36 61 Xp 1 1 1 0 0 0 Putnam Heinz 9704 Tomato.P 2012
SM841-12 36 62 Xp 1 1 1 0 0 0 Putnam OX 325 Tomato.P 2012
SM842-12 36 63 Xp 1 1 1 0 0 0 Putnam Heinz 9706 Tomato.P 2012
SM843-12 36 64 Xp 1 1 1 0 0 0 Putnam Heinz 3406 Tomato.P 2012
SM844-12 36 65 Xp 1 1 0 0 1 1 Putnam Heinz 4007 Tomato.P 2012
SM845-12 36 66 Xp 1 1 1 0 1 1 Putnam Gem 818 Tomato.P 2012
SM846-12 36 67 Xg 1 1 1 0 1 1 NA Heinz 9706 Tomato.P 2012
SM847-12 36 68 Xg 1 1 1 0 1 0 Putnam NA Tomato.P 2012
SM848-12 36 69 Xe 1 1 0 0 0 0 Seneca Banana Pepper 2012
SM849-12 36 70 Xg 1 1 1 1 0 0 Ottawa Heinz 3406 Tomato.P 2012
SM850-12 36 71 Xp 1 1 1 0 1 1 Putnam Heinz 9704 Tomato.P 2012
SM1000-13 37 51 Xp 1 1 1 0 1 1 NA NA Tomato.P 2013
SM1002-13 37 53 Xg 1 1 1 0 1 1 Wood Heinz 3406 Tomato.P 2013
SM1003-13 37 54 Xg 1 1 1 1 1 1 Wood Gem259 Tomato.P 2013
SM1004-13 37 55 Xg 1 1 1 0 1 1 Wood Heinz 3402 Tomato.P 2013
SM1007-13 37 58 Xg 1 1 1 0 0 0 Erie Heinz 3402 Tomato.P 2013
SM1008-13 37 59 Xp 1 1 1 1 0 0 Erie Heinz 9364 Tomato.P 2013
SM1009-13 37 60 Xe 1 1 1 0 0 0 Erie Bell Pepper 2013
SM1010-13 37 61 Xe 1 1 1 0 0 0 Erie Bell Pepper 2013
SM1011-13 37 62 Xp 1 1 1 0 0 0 Sandusky NA Tomato.P 2013
SM1012-13 37 63 Xe 1 1 1 1 0 0 Erie Bell Pepper 2013
SM1013-13 37 64 Xp 1 1 1 0 0 0 WashintonNA Tomato.F 2013
SM1014-13 37 65 Xp 1 1 1 0 0 0 WashintonNA Tomato.F 2013
SM1015-13 37 66 Xe 1 1 0 0 0 0 WashintonNA Tomato.F 2013
SM883-13 37 1 Xe 1 1 0 0 0 0 Seneca Jabanero Pepper 2013
SM884-13 37 2 Xe 1 1 0 0 0 0 Seneca Jabanero Pepper 2013
SM886-13 37 4 Xg 1 1 0 0 0 0 Medina NA Tomato.F 2013
SM887-13 37 5 Xg 1 1 0 0 0 0 Medina NA Tomato.F 2013
SM888-13 37 6 Xg 1 1 1 0 1 1 Sandusky NA Tomato.P 2013
SM902-13 37 10 Xe 1 1 1 0 0 0 Erie Bell Pepper 2013
SM903-13 37 11 Xe 1 1 0 0 0 0 Ashland Bell Pepper 2013
SM906-13 37 14 Xg 1 1 0 0 0 0 Highland NA Tomato.F 2013
SM907-13 37 15 Xg 1 1 0 0 0 0 Highland NA Tomato.F 2013
SM908-13 37 16 Xe 1 1 0 0 0 0 Sandusky Bell Pepper 2013
SM909-13 37 17 Xe 1 0 0 0 0 0 Seneca Bell Pepper 2013
SM910-13 37 18 Xp 1 1 1 0 1 1 Sandusky Peto 696 Tomato.P 2013
SM911-13 37 19 Xg 1 1 0 0 0 0 Wayne NA Tomato.F 2013
SM940-13 37 21 Xg 1 1 0 0 0 0 Wayne Bell Pepper 2013
SM941-13 37 22 Xg 1 1 0 0 0 0 Wayne NA Tomato.F 2013
SM942-13 37 23 Xe 1 1 1 0 0 0 Huron Jalapeno Pepper 2013
SM944-13 37 25 Xp 1 1 1 0 0 0 Huron Grape Tomato.F 2013
SM945-13 37 26 Xe 1 1 1 0 0 0 Huron Hot Pepper 2013
SM946-13 37 27 Xg 1 1 0 0 0 0 Wayne Bell Pepper 2013
SM947-13 37 28 Xg 1 1 0 0 0 0 Wayne NA Tomato.F 2013
SM949-13 37 30 Xp 1 1 0 0 0 0 Wayne NA Tomato.F 2013
SM950-13 37 31 Un 1 1 0 0 0 0 Wayne NA Tomato.F 2013
SM951-13 37 32 Xg 1 1 0 0 0 0 Wayne Bell Pepper 2013
SM952-13 37 33 Xg 1 1 0 0 0 0 Wayne NA Tomato.F 2013
SM953-13 37 34 Xg 1 1 0 0 0 0 Wayne Bell Pepper 2013
SM954-13 37 35 Xg 1 1 0 0 0 0 Wayne NA Tomato.F 2013
SM962-13 37 43 Xe 1 1 1 1 0 0 Erie Bell Pepper 2013
SM963-13 37 44 Xe 1 1 0 0 0 0 Seneca Jalapeno Pepper 2013
SM964-13 37 45 Xe 1 1 0 0 0 0 Seneca Jalapeno Pepper 2013
SM999-13 37 50 Xe 1 1 0 0 0 0 Wood Heinz 3406 Tomato.P 2013
a  Xe = X. euvesicatoria . Xp = X. perforans . Xg = X. gardneri . Un = unidentified.
c Lenawee County is in Michigan. The remainder of the conties are in Ohio.
d Tomato.P = processing tomato. Tomato.F = fresh market tomato.
Insensitivity to bactericides
b
b CK = check. Cu = Copper sulfate. Strep = streptomycin sulfate. Numbers are concentration in μg/ml. 1= 
insensitive. 0 = sensitive.
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Appendix B. Species identity of historic Ohio Xanthomonas strains determined with 
genomic (BOX-PCR) fingerprinting 
Strain Host 
Tomato 
Racea 
Pepper 
Racea 
Box Slot BOX-PCRb 
574b Tomato 2 NA 1 49 Xv 
789 Tomato 2 6 1 28 Xv 
790 Tomato 2 6 1 29 Xv 
791 Tomato 2 6 1 7,30 Xv 
1138 Tomato 2 4 1 14,34 Xg 
1141 Tomato 2 4 1 15 Xg 
729 Tomato 2 NA F3 53 Xp 
760 Tomato 2 NA F3 78 Xv 
764 Tomato 2 NA F4 NA Xv 
784a Tomato 2 6 F4 12 Xp 
1140 Tomato 2 4 F5 20 Xg 
1149 Tomato 2 4 F5 22 Xg 
434 Tomato 2 NA F7 NA Xv 
524 Tomato 2 NA F8 NA Xe 
527 Tomato 2 NA F8 NA Un 
544b Tomato 2 NA F8 NA Un 
553b Tomato 2 3 F8 NA Un 
557 Tomato 2 NA F8 NA Xv 
588b Tomato 2 NA F8 NA Xv 
602 Tomato 2 NA F8 NA Xv 
617 Tomato 2 6 F8 NA Xe 
618 Tomato 2 6 F8 NA Xe 
a Tomato and pepper races were determined by Fikrettin Sahin (Sahin, 1997). 
b BOX-PCR fingerprinting results. Xv = X. vesicatoria. Xg = X. gardneri. Xp = X. perforans. 
Xe = X. euvesicatoria. Un = Unidentified.  
 
 
 
